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Abstract 
In September 1997 the UNBC Bedload Movement Detector was installed in 
O'Ne-ell Creek, a mountain gravel bed river in the northern headwaters of the Fraser 
River. The device is designed to measure coarse sediment flux by passive induction as 
bedload material (> 1 mm), containing natural ferrous minerals, passes over an array of 
electromagnetic sensors. The device consists of a series of 82 sensors, housed in an 
aluminum beam and placed across the stream, inserted such that its surface is flush with 
the gravel bed. The device can be raised or lowered to compensate for bed aggradation 
and scour. A data acquisition system collects signals from the device at 100 Hz, 
providing a continuous, high-resolution record of any bedload transport event. The device 
is sensitive enough to record the movement of most volcanic, metamorphic, granitic, and 
ultramafic clasts larger than a few millimeters. 
The installation and operation of the device is described, as well as the calibration 
and development of signal processing routines for estimating transport rates. Nival event 
transport records are presented and discussed. Some of the phenomena apparent in the 
records include: a pulsating pattern of activity, discrete 'sweep transport' events, lateral 
movement of the transport zone, and a sudden onset ofbed movement with a tapered 
cessation. An initial estimate of transport volumes compares favourably with existing 
measurements taken at the study site. It is anticipated that more sophisticated calibration 
work will continue in the future. 
Introduction 
The regime of a gravel-bed river system is the product of the complex interaction 
between stream morphology and water and sediment discharge. The transport of sediment 
along a channel is a critical linkage in this balance, and a decidedly difficult phenomenon 
to measure. Although some relations have been established between the fluid forces 
exerted by the flow and sediment transport, the relation is not uniform, and is subject to 
variations in time and space, even under conditions of steady flow. 
Material that is carried along the channel originates from sources both within and 
outside the fluvial system. Allocthonous material is carried from hill slopes and colluvial 
sources, as well glacial deposits. Autochthonous sediments originate from within the 
channel, particularly from storage in banks and bars. The latter generally constitutes the 
majority of the transported load, however the mixture varies, reflecting the degree to 
which the river is coupled with external sources and the availability of the in-channel 
sediments. 
The sediment transport characteristics of a stream are important determinants of 
channel equilibrium and stability. Since the coarser material in a channel provides both 
the structural framework of the channel as well as the medium that accommodates 
hydraulic forces, transport of this material is an important process in channel 
morphology. 
A new device has been developed to quantify and characterize the movement of 
coarse sediment along a reach of an undisturbed, salmon-spawning creek. Using an array 
of highly responsive magnetic sensors embedded in the stream, passing clasts are 
detected by the ferrous minerals they contain. Voltage readings from the sensors are 
recorded and stored in a digital format. By processing this information a coherent picture 
of transport dynamics may be obtained. In particular, details of the conditions necessary 
for entrainment, and the spatial and temporal variations ofbedload transport become 
remarkably evident. The device is hereafter referred to as a Bedload Movement Detector, 
or BMD. It was installed in September 1997 at O'Ne-ell Creek, in the Stuart Takla 
Experimental Watershed area (Figure 1 ). 
2 
The present study was undertaken as a component of The Stuart Takla Fish-
Forestry Interaction Project. Experiments have been undertaken and baseline data 
collected since 1990 on topics such as salmonid populations, riparian vegetation, thermal 
regime and hydrology. The area is located 150 kilometers north west of Fort St. James, in 
the drainages of the Stuart-Takla watersheds (Figure 1), in Northern BC. 
1!25" wl • , 
Stuart-Takla Exp"erimental 
,, Watersheds 
/ ' ~ British Columbia, Canada ,, 
20 30km 
I I 
-~.:~~' 
\.' Zl ~ 
, Tl'emhleur ~ .. 
J.ske 
.... Fort St. James 
Figure 1- The Stuart-Takla Experimental Watersheds 
3 
Sediment movement in the Stuart-Takla streams is extremely episodic. The 
majority of fine and coarse sediment moves during the spring snow-melt floods (Beaudry 
2000; Gottesfeld, 1998). The discharge hydrographs from 1994-1997 (see Figure 2) 
illustrate the dominant role of nival floods in the annual flows . The flooding usually 
occurs in late May and early June. Brief summer and fall floods may be observed in the 
record, but the volume of coarse material transported during these events is relatively 
small. 
Substantial amounts of coarse sediment are also moved by salmon redd 
excavation in the late summer. One of the initial goals of this project was to compare the 
quantity and timing of bedload movement measured in a nival flood event with that 
transported by spawning salmon. However, due to very disappointing returns of the Early 
Stuart Sockeye run in 1998 and 1999, there was insufficient spawner density to initiate 
full motion of the streambed. 
li) 15.00 -"' -1994 E -Q) 
10.00 
- 1995 
C) ... - 1996 C'CI 
.c 
CJ - 1997 Ill 
c 5.00 
0.00 
01-Apr 01-May 01-Jun 01-Jul 01-Aug 01-Sep 01-0ct 
Figure 2- O'Ne-ell Creek hydrograph -1994-1997. Measurements were taken at an MOF gauging 
station 300m downstream of the study site. The flows shown here include Tsitsutl Creek, 
(approx. 250m downstream of the BMD site) which adds some 40% to the discharge. 
Stuart-Takla Experimental 
Watersheds 
lOOm contours 
--- Watershed Boundary 
·•••••••• Logging Access Road 
0 1 2 3 4 5 km 
Figure 3- Gluskie, Forfar, O'Ne-ell and VanDecar drainages along Middle River. 
The scope of the present project is fourfold: firstly, the BMD is a novel instrument 
for the quantification of bedload movement. Therefore, I will: 
• Discuss existing bedload sampling techniques (Section 1.2). 
• Evaluate the relative advantages and disadvantages of the BMD as a means of 
achieving volumetric estimates of bedload transport (Section 1.4 ). 
• Present a description of the BMD components, their installation and operation 
(Sections 2.1-2.4). 
4 
Secondly, calibration of the sensors used in the BMD was undertaken in the 
laboratory to determine their sensitivity and response. From the experimental results I 
will: 
5 
• Show how signals from the transport record vary with changes in particle velocity 
(Section 3.1.1). 
• Describe the response of the sensors to rocks of varying sizes and lithologies 
(Section 3 .1.2). 
• Demonstrate the time series and frequency analysis of the signal traces from the 
BMD sensor (Section 3.1). 
Thirdly, bedload movement was sampled with the BMD during the nival events 
of 1998 and 1999. From these data I will: 
• Present the record of bedload movement for both flood events (Section 4.1 and 
4.2). 
• Compare and contrast examples of the record during periods of marginal 
transport, rising-stage and full-stage (Section 4.3). 
• Discuss several 'modes' of transport, from marginal step-and-rest events to 
discrete ' sweep' and 'cluster' transport, to the movement of gravel and sand 
sheets along the channel (Sections 4.3). 
• Estimate the volume of material transported, and compare this to existing 
measurements taken within the Stuart-Takla Watersheds (Sections 5.5). 
Fourthly, the goal ofthis endeavour is to apply the device towards the 
investigation of a poorly understood phenomenon: the spatial and temporal variation in 
bedload transport rates. Some of the characteristics of transport activity during the nival 
event records are highlighted. 
• Wave-like patterns in sediment transport rate are shown to exist on several time-
scales (Sections 5.3). 
• A "wandering" motion of the channel's locus of transport is substantiated 
(Section 5.4). 
6 
Chapter 1 Bedload Transport and Its Measurement 
1. 1 Bedload Transport 
Bedload is defined as that portion of the sediment load that rolls or slides along 
the bed, remaining in nearly continuous contact with the channel bottom at all times. In 
the relatively high gradient streams of the Stuart-Takla Experimental Watersheds, 
bedload seldom includes sediment that is finer than 1 mm in diameter, since finer sand 
particles are easily suspended in fully turbulent flows. Bedload thus comprises coarse 
sand, gravel, cobbles and boulders. Fine and medium sands represent a transitional grade, 
and may be carried as suspended load or bedload, depending on the channel geometry 
and hydraulic conditions (Beschta, 1987). 
Relative Concentration 
Figure 4- Vertical variation in transported material. After Klingeman, 1981. 
At lower flows, a step and rest pattern appears to be the principal mode of bedload 
transport (Andrews, 1983; Reid and Frostick, 1994). Observations indicate that this may 
7 
involve sporadic movement, with bursts of activity by neighbouring particles followed by 
a period of relative quiescence (Custer eta/., 1987; Reid and Frostick, 1994). Bedload 
transport does not always involve the full range of sediment sizes, however the patterns 
and mechanisms of entrainment are the subject of some debate. The effects of turbulence, 
relative protrusion, clustering and imbrication complicate the process a great deal. Any 
universal function for bedload transport remains a probabilistic, rather than a predictive, 
equation. 
The following sections provide a brief summary of the theories on bedload 
entrainment and transport dynamics. 
1.1.1 The Entrainment Threshold 
The entrainment of a cohesionless grain, off of the streambed and carried along 
with the flow, may be considered the unbalancing of the frictional and gravitational 
forces that keep the grain on the streambed. Drag forces acting in a downstream direction, 
and lift forces, moving upward, pivot the grain about a point and move it out of position. 
Once in motion, the grain will roll or bounce along the streambed until it settles into a 
new resting position. Figure 5 illustrates the forces acting on a grain. 
Stream Flow 
FL 
.--T--~~~----· FD 
--- ·Theoretical 
Bed 
Figure 5 - Force moment balance diagram for the entrainment of a single-sediment grain. 
Fa is the gravitational force. The drag force, F0 , is proportional to the cross-
sectional area of the grain facing perpendicular to flow direction. Lift force, F L, is 
proportional to the cross-sectional area of the grain parallel to the bed plane. The 
distribution of forces may depend on the pivoting angle, (fJ (also referred to as the angle 
of repose). The steeper the angle of repose, the more the particle will tend to resist 
entrainment. For particles sitting at a low angle of repose, or for increasingly spherical 
particles, the force resisting particle motion is relatively small. e is the orientation angle, 
and FF is the frictional force acting to hold the grain in place. 
The transporting ability of a stream has conventionally been described in terms of 
unit stream power (Bagnold, 1966; Leopold and Emmett, 1976) or shear stress exerted 
on the bed (Shields, 1936; Einstein, 1950). Unit stream power, co, is defined as the 
product of the unit weight of water, velocity, depth and water-surface slope (y VDS). 
Shear stress at the bed, 't, is defined as the product of the unit weight ofwater, depth and 
slope (y DS = co N). 
There have been many equations proposed to describe the shear stress conditions 
necessary for initial movement of a grain on the streambed, and many bedload transport 
equations assume that transport rates vary with some function of excess shear stress 
beyond this threshold. 
Shields (1936) proposed that the critical shear stress for particle motion 't* ci was 
solely a function of the particle Reynolds number, R, which is described as 
(1.1) 
where u* is the shear velocity, di is the diameter of the ith particle fraction and vis the 
kinematic viscosity. 

.. 
The Shields equation describes the dimensionless function 8 (Critical 
dimensionless shear stress) as the ratio of (erosive) fluid shear stress on the bed to 
submerged particle weight; 
(1.2) 
where u.0 is the threshold shear velocity, 1"0 is threshold shear stress (proportional to the 
square of the velocity), g is gravitational acceleration, Dis grain diameter (usually taken 
as D50), Ps is particle density and p is fluid (water) density. Shields calculated the typical 
value of this ratio to be 0.06 for spherical grains of equal size in a laboratory flume. 
Subsequent field evidence and flume studies have reported values ranging from 0.01 for 
an exposed grain on a cohesionless bed (Fenton and Abbott, 1977) to more than 0.25 for 
some natural streambeds (Church, 1978; Reid eta!. 1985). 
The relationship between shear stress and particle entrainment is complicated by 
several factors in natural streambeds, particularly in pool-riffle and braided channels. 
The most significant of these are: 
• Turbulence 
• Imbrication, hiding and interlocking of particles 
• The angularity of natural grains 
• Width-wise variations in shear stress across the channel due to flow patterns 
1.1.2. The Role of Turbulence 
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Sediment entrainment is a function not only of the shear stress acting on the bed, 
but also the intensity of turbulence above it. The role of turbulence in the entrainment 
process is not well understood, but numerous flume studies have shown that 'burst-
sweep' cycles play a critical role in the initiation of transport (see Grass, 1971; Jackson, 
1976). Bagnold (1966) reasoned that the upward thrust of turbulent flow must necessarily 
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be greater, on average, than the downward component; otherwise every suspended 
particle would drift back to the river bottom under the influence of gravity in turbulent 
flows. This has been shown to be consistent with experimental observations of turbulent 
boundary layer flows. Parcels of low-velocity fluid burst upwards within the outer layer 
to be replaced by quantities of high velocity fluid that sweep downwards towards the bed, 
disrupting the laminar sub-layer. Rapid fluid movements away from the bed are termed 
'ejections' and accelerated flow events acting towards the bed are termed 'sweeps'. 
Thome et al. (1989) and Williams et al. (1989) have shown that close to the threshold of 
bedload movement in marine tidal environments, most of the transport occurs during 
sweep events. Grass (1971) and Nino and Garcia (1996) have shown this in flume 
experiments as well. We can assume that, in streams, sweep events also move particles 
into suspension. 
1.1.3 The Effects of Relative Protrusion, Clusters and Bed Armouring 
Gravel bed rivers possess a number of sedimentological features that affect the 
threshold of entrainment. Depending on the bed material distribution and geometry, 
different packing arrangements may create hiding effects, clustering and imbrication. 
Particles may become constrained from motion as they are interlocked or 'hidden' from 
the shear forces acting on the bed. Therefore, gravel streambeds have susceptible 
particles that will move at a predictable threshold, while other particles may be entrained 
only as the force over the bed increases to a point where much larger surrounding 
material begins to move. The importance of the relative size of particles, as opposed to 
their absolute size has been explored extensively in the last 20 years. 
In alluvial streams, the portions of the channel surface experiencing the highest 
flows are typically described as being armoured, i.e. the surface layer consists of clasts 
that are 2 or 3 times coarser than the average size of underlying material (Parker et al. , 
1982; Andrews and Parker, 1987; Sutherland, 1987; Willetts et al. 1987). The armour 
layer develops after low and intermediate magnitude floods, when finer material is 
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selectively transported, leaving a residue of well-sorted, coarse immobile particles on the 
streambed. The armour layer is usually no more than one grain thick and overlies the sub-
armour layer, which may be of variable thickness. 
In its most pronounced form, the controlling effect of an armour layer is that 
particles are interlocked and thus restrained from motion. At extreme flows a critical 
point may be reached when the integrity of armour layer is diminished, the armour layer 
breaks up, and all sizes of grains are available for transport at the same time (Parker and 
Klingeman, 1982; Parker et al., 1982; Andrews, 1983; Andrews and Parker, 1987). 
Such conditions of equal mobility may occur in the Stuart-Takla creeks to some 
extent, however the effect is much less than we might observe in larger and hence deeper 
streams. There are at least some sections of the stream with coarser bed material that do 
become armoured after particularly high flows. These reaches did not change very much 
during the relatively low-magnitude nival events observed in the present study. 
Entrainment of bedload material in the Stuart-Takla streams is dominantly size-
selective. In many reaches, loose packing created by spawning salmon's annual 
bioturbation of much of the stream bed encourages selective entrainment. Downstream 
fining may be observed, which requires that there be greater mobility of the finer fraction 
(either as greater transport distances or more frequent transport). In O'Ne-ell Creek, the 
average diameter of cobbles decreases from 14 em to 7 em in the 1.5 km below the 
bedload detector site. This accompanies a decrease in gradient from 0.013 to 0.005. 
The effect ofroughness elements such as logjams and gravel bars add further complexity 
to the entrainment model, as well. 
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1.1.4. Multi-phase models of transport 
Bedload transport varies in character depending on the depth of flow and the 
nature of the bed material. Some authors have divided bedload transport in alluvial 
streams into two phases (Emmett, 1976; Jackson and Beschta, 1982). The first phase is 
the mobilization of smaller, loose material that is freely available for transport. Sand and 
fines are selectively carried from bars, channel margins, and pools. Gravel-sized 
particles, especially smaller sized ones, rotate out of the pockets in which they lie, and 
become entrained in the flow. Andrews (1983) points out that a significant portion of 
material may be transported during this first, marginal phase. 
With much higher flows, a second phase of transport begins: the armour layer is 
disrupted. As the whole bed becomes mobile, the size distribution of the bedload 
coarsens. The velocities in pool sections exceed those at the riffles, and material is carried 
from one riffle to the next. Significant changes in bed morphology may occur during this 
period. It requires exceptional flow conditions to reach this stage of transport and large 
volumes may be moved. 
Subsequent studies and field observations have shown that there are numerous 
degrees and variations of this two phase concept (Ashworth and Ferguson, 1989) 
depending on the size distribution of the bed material. At O'Ne-ell Creek, for instance, 
studies have indicated that a substantial portion of the bed is disturbed even in lesser 
flood events (Gottesfeld, 1998; Poirier, 2000). At flood stage, readings from the BMD 
indicate mostly finer material in motion, with the sporadic passage of cobbles. No doubt 
at sufficiently high flows (such as the 1990 flood) the stream bed is completely disrupted 
and equal mobility sensu stricto prevails. 
Although the two-phase model is not quite adequate to describe the transport 
dynamics at O'Ne-ell Creek, it is a useful concept for understanding shifts in transport 
intensity throughout a flood event. It is anticipated that with the UNBC Bedload 
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Movement Detector, we may begin to better understand the factors that control sediment 
discharge in the creek. 
1.2 Measuring Bedload Movement 
Bedload movement is generally monitored using one of two techniques: direct 
(net samplers, pit traps, some form of sampling device placed on or above the bed) and 
indirect (tracer techniques, repeated channel surveys). 
1.2.1 Direct Measurement 
Traps and pit samplers of various designs have been employed to sample the 
amount of sediment passing through a section of channel bed in a determined time. These 
measurements are generally recorded as weight per unit time per unit stream width, i.e. 
kg/m-s. 
Direct sampling in high gradient mountain streams is often extremely difficult and 
hazardous, given the tremendous stream power required to transport cobble and boulder 
sized particles. Nevertheless, direct sampling has proven to be the most efficient and 
representative methodology. 
Box, Basket and Net Samplers 
Box and basket samplers have been used since the early 1900s, and the design 
evolved toward greater efficiency throughout the 40s and 50s, culminating in the 
development of the now standard Helley-Smith sampler (Hubbell, 1964; Helley and 
Smith, 1971; Gomez, 1991 ). Several of the most highly developed and tested basket 
samplers are those designed by Mtihlhofer (Ehrenberger, 1932), Ehrenberger (1932), 
Nesper (1937) and the Swiss Federal Authority (1939). Essentially, these devices have 
either a solid bottom, or a bottom of fine chain links that conforms to the bed. A mesh 
bag collects the coarser material, and water and fines escape at the rear of the device. 
Some versions of the basket sampler have weighted frames to keep it lower in the flow, 
or a vane mechanism to direct the aperture upstream. 
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Pressure-differential samplers, such as the Arnhem (Dutch), Karolyi and VUV, 
operate by causing the bedload-laden flow passing through the device to slow sufficiently 
to deposit material. Water then issues out the rear of the sampling box. 
Figure 6- The VUV pressure difference sampler- top and side views (Hubbell, 1967) 
Since the mid 1970s, the standard portable sampler for bedload has been the 
Helley-Smith pressure-difference sampler. This device has a square 7.62 em entrance 
nozzle (a 15.24 em model is also available) and a 46 em long sample bag constructed of 
0.2 mm mesh polyester that holds about 10 kg of sediment. A hydraulic efficiency rating 
of 1.54 over a range of flows was determined by the calibration work of Emmett (1980). 
The trapping efficiency is considered to be 90 to 100 percent efficient for particle sizes 
from 0.5 to 32 mm at current velocities up to 1.5 m/s (Hubbell, 1987). Others have found 
that since the sampler must sit on the streambed, the geometry and placement of the 
intake nozzle tends to alter the flow pattern, and thus affect the bedload discharge 
estimate. Furthermore, it is particularly difficult to maintain contact with the stream bed 
at flood stage. 
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It is a often a considerable challenge to find the proper sections of channel to 
sample in order to account for the random or short-term, often "quasi-cyclic" temporal 
and spatial variations in bed load transport rates. Since the rates of transport can change 
dramatically even at constant-flow conditions, it is difficult to determine what constitutes 
a representative sample. Gomez and Troutman (1997) suggest that a representative 
sample of bedload activity should involve four or five traverses of a river, and the 
collection of 20-40 samples at a rate of five or six samples per hour. 
Figure 7- The Helley-Smith portable sampler (Emmett, 1980) 
Other researchers have rigged mesh nets over a solid frame that spans part of the 
stream, and these are emptied periodically throughout an event (Bunte, 1996). Clearly, 
net samplers give the best representation of pebbles in motion. They do not, however, 
gather any of the finer material. They also require a substantial effort, and yet the samples 
may not be large enough to be statistically representative and/or frequent enough to 
characterize the short period variation. 
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Pit and Bucket Traps 
Hollingshead (1971) was able to monitor sediment transport along the Elbow River 
in southwestern Alberta by making an excavation 50m long, 20m wide and 1m deep. As 
the pit was refilled over the course of a nival event, successive surveys were taken to 
determine the total sediment deposition. Smaller traps have been developed, consisting of 
a bucket or tube sunk vertically into the bed (Church et al., 1991; Powell and Ashworth, 
1995), usually with an inner sleeve that can be emptied. Sampling by this method can 
yield a good estimate of the total mass of sediment moved during the flood event. It 
provides an estimate of the gross yield, though it provides little information on the timing 
and rate of transport. One successful modification of this technique was the placement of 
a pressure pillow within the trap well to weigh sediment as it accumulated (Reid et al., 
1980; Kuhnle, 1991; Harris and Richards, 1995). The main disadvantage of pit and 
bucket traps is that they may fill up quickly and, unless closely monitored, have little use 
in sampling at high rates of sediment discharge. It is also a challenging operation to 
remove, empty and replace the buckets in flood conditions. 
The largest of pit samplers belongs in a category unto itself. That is the USGS 
bedload trap, installed in the East Fork River, Wyoming. A conveyor belt is set within a 
large concrete slot, placed perpendicular to the river flow, such that large quantities of 
passing sediment could be collected in flood conditions. In this fashion, a continuous 
record ofbedload transport volume was maintained (see Leopold and Emmett, 1976). 
This device set a standard for bedload measurement by which other devices were 
compared and calibrated. 
Acoustic and Seismic Equipment 
Acoustic devices have been tested in Switzerland to estimate bedload transport in a 
mountain torrent by recording the sound generated by gravel collisions (Banziger and 
Burch, 1990). 
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Acoustics systems that measure sediment generated noise (SGN) in an ocean 
environment have been developed by several researchers in the UK. Results from these 
experiments have shown that the SGN spectrum is composed ofband-limited noise, with 
a frequency range inversely proportional to particle size, and an acoustic intensity 
proportional to the mass of the mobile material. Williams eta!. (1989; see also Thome, 
1989) collected acoustic measurements in a broad (4 km) ocean channel at West Solent. 
Gravel movement was detected by suspending a hydrophone 0.25m above the bed and 
recording the sounds of interparticle collisions. In conjunction with several current meters 
and video equipment, some relation between SGN and gravel transport was resolved. 
Rouse (1994) reported further calibration ofhydrophones recording intergranular 
collisions as particles moved over a fixed flume bed. This could then be related to the 
mass flux rate passing through the flume. 
In the Italian Alps, Govi eta/. (1993) used a series of seismometers along an 
alluvial channel to detect the motion of sediment within the reach. Microseismic data 
recordings provided a continuous record of the transport events. 
Vortex Tube Traps 
Vortex tube traps were originally designed for ejecting sand and silt from irrigation 
canals and ditches in agriculture (Hayward, 1974). Their use for measuring bedload 
transport rates was pioneered by Klingeman and Milhous (1970) at Oak Creek. By 
emptying the collection trap at regular intervals during a storm, they were able to 
measure transport rates and particle distribution. This data set remains one of the best 
continuous records of transport available anywhere. Similar devices were designed by 
Hayward (1974) in New Zealand, and Tacconi and Billi (1987) in Italy. 
The device can recover bedload material continuously, with up to 90 percent 
efficiency. The construction and implementation of the concrete installation, however, is 
a substantial undertaking. 
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In Situ Magnetic Detection Devices 
These devices record the magnetic signals of clasts with implanted magnets or, in 
the case of more sensitive instruments, the faint signals from remanent magnetism in 
naturally-occurring minerals. Ergenzinger and Conrady (1982) installed a device 
consisting of four large coils, 250 mm in diameter, attached to an aluminum frame 0.8 m 
above the water surface at Buonamico, Italy. It registered the passage of 100 cobbles with 
implanted magnets. The Birkbeck Bedload Sampler, installed at Turkey Brook, Enfield 
Chase, UK (Reid eta/., 1984) employed a metal detector circuit with a single 2.3 m long 
sensor installed within the streambed. This device was sensitive enough to detect 
movement of 100 artificial clasts tagged with ferrite rods. 
Ergenzinger and Custer (1983) reported a more sensitive instrument consisting of 
two 1.25m coils buried horizontally in the streambed at Squaw Creek, Montana. This 
device could detect naturally magnetic pebbles and cobbles > 32 mm at a rate of 2 per 
second. Since only a portion of the stream was instrumented, bedload volumes were 
estimated for the total stream cross section. 
CONCRETE RECEI'TICAL 
CHAMBER FILLED WITH 
ROOFING TAR 
SHIEll ALUMINUM 
COVER PLATE 
Figure 8 -The initial bedload detector design by Ergenzinger and Custer (1983) 
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In 1986 a more sophisticated device was installed in Squaw Creek (Bunte 1996, 
Custer eta!. 1986). The device consists of 5 sets of paired multiple choke-coil units 
mounted in a beam set lengthwise across the stream. Each module is 1.55 meters long. It 
thus provides some spatial resolution for different sections of the channel. The placement 
of two arrays of microcoils 15 em apart permits the determination of the travel time of 
passing clasts (Custer eta/. 1987; Spieker and Ergenzinger, 1987). The sensitivity of this 
device permits detection of an estimated 40% of the coarse material (>32 mm) at Squaw 
Creek (Bunte, 1996). 
All of these devices have used strip chart recorders, which limit their utility to 
several signals/second and a few sensor circuits. Impulses must be evaluated and counted 
visually and are usually summed over intervals ranging from 10 minutes to one hour. The 
practical limit of resolution of the strip recorder system in use at Squaw Creek may be 
200/hr (Bunte 1996). Consequently, the passage of many clasts may be missed due to 
limitations of the data logging system. Although the device is well suited to recording the 
relative intensity of bedload activity, it remains an onerous task to quantify volumes. 
1.2.2 Indirect Measurement 
Sediment transfer volumes may be inferred after a transport event by several 
means, including tagged sediment tracers, morphological estimates, sonar surveys, and 
scour chains. 
Tagged Sediment 
Tracer studies are one of the most popular tools for tracing the paths and timing of 
gravel movement during a flood event. This method generally involves painting a number 
of rocks that represent the most common sizes and shapes within the bed material, 
numbering them, and then recovering and surveying their positions after a bedload 
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movement event (Crickmore, 1967; Rathbun and Nordin, 1971; Laronne and Carson, 
1976). Distance of travel and patterns of deposition may then be inferred. Some of the 
strategies for locating the rocks afterward include painting the stones with fluorescent 
waterproof paint, inserting a magnet in the rocks for later retrieval with a magnetometer 
(Butler, 1977; Hassan, 1990; Gintz et al., 1996; Gottesfeld, 1998), or exposing the rocks 
to radioactive treatment (Sobocinsky et al, 1990) 
Chacho et al. (1989) presented a methodology whereby radio transmitters were 
implanted into rocks in an extraordinarily active glacier-fed river, and then tracked for 
kilometers. The monitored particles typically traveled over 1500 min 8 days time. 
Similarly, Schmidt and Ergenzinger, (1992) used their Pebble Transmitter System 
(PETSY) to track to movement of grains along the Lainbach, a step-pool mountain river 
in southern Germany. 
Morphological Estimates 
Comparing volumes of aggradation and degradation in a channel by repetitive 
cross-section or topographic surveys provides some insight into the rates of sediment 
exchange within a river system. Griffiths (1979) was one of the first to use this method, 
taking cross sections every 1.6 km along a 50 km reach of the braided Waimakariri River 
in New Zealand. The density of surveyed sections employed depends on the purpose and 
scale of the investigation and practical considerations. For instance, Poirier (2000) 
developed a methodology for fine-scale topographic measurements and volume 
estimation, taking repetitive surveys at an average density of 4 points per square meter 
along several 50 m channel reaches. Lane et al. (1994) recommend at least 3.5 points per 
m2 to detect the subtler morphological changes within a stream reach. 
The transport estimates provided by repetitive surveys are necessarily a minimum, 
since several cycles of scour and deposition may have occurred throughout the course of 
a flood. The final volumetric measurements are therefore the net transport rate. Loci of 
erosion and deposition may be matched, providing some indication of transport distance 
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and volumes. When this is not feasible, transport rates may be estimated using reach-
average erosion or deposition and a mean transfer distance (Ashmore and Church, 1999). 
' Sonar Surveys 
A variant of the morphological method worth mentioning is the use of sonar to 
measure instantaneous elevation changes in a portion of streambed. This is a particularly 
useful method for monitoring the passage oflarger-scale bedforms. This method was 
successfully used by Dinehart (1989, 1992) at the North Fork Toutle River, Washington. 
The channel had a bankfull width of 60m with peak flows up to 330 m3 /s. Coarse gravel 
dunes, up to 40 em high, were observed migrating under a fixed sonar observation point 
during a flood. A multitransducer sonar altimeter was suspended on a boom, and held 1 
meter above the streambed near the center of the channel thalweg. 
Scour Chains 
Scour chains have been employed in a variety of studies to determine the total 
scour and fill occurring during a flow event (Colby, 1964; Leopold eta/., 1966; Carling, 
1987 and Hassan, 1990). A length of chain, fastened to an anchor, is inserted through a 
steel rod and driven into the streambed. The rod sleeve is then removed and a length of 
chain lies along the bed. After a scour and fill event, the chain is located beneath the fresh 
deposition with a metal detector. The depth of scour can be inferred from the distance 
below the initial datum that the chain length is found (see Laronne et al. 1994). 
1.3 Stuart-Takla Bedload Studies 
Several studies (Gottesfeld, 1998; Poirier, 2000) have been undertaken in the last 
8 years to establish the rates and magnitude ofbedload movement in two streams within 
the Stuart-Takla study area. Forfar and O'Ne-ell Creeks (see Figure 3) were chosen as 
suitable sites to compare the effects of flooding and salmon spawning activity on bedload 
movement. Both creeks see an average returning population of approximately 12,000 
salmon each year during the Early Stuart sockeye run. 
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Studies with over 1000 tracer stones were undertaken from 1992 to 1998 
(Gottesfeld, 1998). Some 13,000 recoveries of tagged clasts were made after flood events 
or sockeye redd excavation. The results from this study posited that the amounts of 
bedload moved by spawning salmon bioturbation are similar to those of floods, although 
sockeye bioturbation of the streambed did not move the rocks as far as flood events. 
A series of intensive total station surveys of stream reaches clearly showed the 
annual pattern of stream bedform change (Poirier, 2000). Computer-generated digital 
elevation models illustrated the morphological effects that each event exerted on the 
streambed, i.e. linearized features after a flood, and more prominent, hummocky features 
after the salmon had overturned the gravel substrate. 
From these studies some understanding of the magnitude ofbedload movement, 
the distance of bedload transport and how it affects channel morphology was gained, but 
there was still a lack of information on the timing of the gravel movement. To this end, 
we developed a device that records the timing and magnetic intensity of individual 
particles passing the detector. In addition this device may offer some indication of how 
much gravel is passing a cross-sectional line on the bed. 
1.4 New Bedload Sampling Technology 
In light of the many inherent drawbacks of existing bedload sampling 
methodologies, we have sought to develop a system that will overcome some of these 
difficulties. The UNBC Bedload Movement Detector has been developed as an 
improvement on in-situ magnetic bedload detection technology, using a series ofhighly 
sensitive magnetic sensors, and an industrial data-acquisition system. By placing a row of 
these sensors across a streambed, flush with the gravel-bed surface, we will be able to 
monitor the passage of sediment by recording the voltage signals from the sensors. This 
method provides several advantages over the methods previously discussed. 
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• It will overcome the numerous concerns about a sampling regimen: how often to 
sample, how long to sample, what parts of the creek to sample. The record is 
virtually continuous, across the channel. 
• There will be little interference with the water flows or the sediment stream. The 
device will have negligible effect on the passing material, and it may be raised or 
lowered to accommodate the current bed elevation. 
• Monitoring will provide an instantaneous particle count, and some information 
about particle size. The digital data record from flood events provides detailed 
information in the spatial, temporal and frequency domains, providing significant 
opportunities for analysis. Sediment passage can be observed on the scale of 
1/1 OOs of a second, to several weeks. 
• The device will have the potential of remote operation. With a triggering 
mechanism installed, and sufficient power resources, the device can operate 
automatically. 
• No nets, baskets, pits or large installations. The BMD is automated for the most 
part, and requires no retrieval of samples. The device is not particularly portable -
it is intended as a semi-permanent apparatus. However, there is much less 
alteration of the channel and construction involved than an installation such as a 
vortex tube trap or conveyor belt. 
The following chapter will give a detailed description of the device, its installation 
and operation. 
Chapter 2 The UNBC Bedload Movement Detector 
The Bedload Movement Detector was developed principally by Drs. Moustafa 
Mohamed and Allen Gottesfeld at The University of Northern British Columbia. Dr. 
Mohamed engineered the coil sensors; Dr. Gottesfeld designed the housing unit, wiring 
and mounts for the device. Several students (graduate and undergraduate) and technicians 
assisted with the device construction and installation at various stages, notably Patrick 
Hudson, Tim Dressel, Ronald Poirier, and Jeffrey Gottesfeld. The device was installed at 
the study site in September 1997. 
2.1 The Sensor 
The sensor (Figure 9) consists of a copper-wound coil mounted within a torus-
shaped magnet. A soft iron casing confines the magnetic field of the sensor so that it is 
not influenced by magnetic bodies beyond the diameter of its sensing face. The elements 
are set and waterproofed within an epoxy resin. Positive and negative terminals from the 
device extend from the rear of the sensor casing. 
As a rock, or any ferrous body, passes over the face of the sensor, the magnetic 
field of the sensor is distorted. This induces an electromotive force with a potential of 1 x 
10-6 to 1 X 10-l VOltS. Jn a laboratory environment with proper VOltmeter equipment, 
signals from most rocks can be recognized. The rugged and portable data acquisition 
systems that are required in the field environment generate sufficient noise to mask weak 
signals such that voltage responses from clasts on the lower end of this scale (i.e. up to 
approx. 2 X 1 o-4 V) are therefore indiscernible from static. 
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Figure 9- Exploded view of the sensor (above), sensor dimensions and the assembled product. 
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Calibration experiments have determined that the response of the sensor drops off 
markedly as the clast moves toward the sensor's edge. Figure 10 shows the corresponding 
decline in signal strength as ferrous items are passed over points that are increasingly 
distant from the center of the sensor face, at a fixed velocity. Some of the implications of 
this will be discussed in Section 3.2. 
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Figure 10- Voltage response as ferrous items pass at various points on the sensor. 
2.2 The Housing Unit 
Cables from sensors Sensors set in conduit 
view) 
Figure 11 - Schematic diagram of the BMD installed in the creek bed 
Concrete footing 
(buried in bank) 
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The sensors are set into a hollow aluminum beam (15 em x 15 em x 8.2 m) that is 
constructed of 'l4 inch (0.64 em) aluminum stock (Figure 11 and 12). There are adjusting 
mounts on each end of the beam, so that it can be raised or lowered to accommodate 
channel scour or fill. The device is set such that the sensing surface is placed flush with 
the streambed. Stream flow and sediment then pass over the device with minimal 
disturbance of near-bed fluid dynamics and sediment transport. 
Figure 12 - Photo of the study site in early August. The instrument shed is located on the east side of 
the creek. The BMD is set within the streambed downstream of a group of mature sockeye 
salmon. A log and wire-rope cable provided access to the stream cross-section at all stages. 
The device was custom built to the dimensions of the creek at the study site. This 
prototype spans a stream width of 8.4 meters. A similar design can be employed on most 
streams, to a maximum practical installation size of 30 m in width. The prototype 
contains 82 sensors, each 8 em in diameter, spaced 10 em from center to center. Wires 
from each sensor run the length of the beam and out to an instrument enclosure adjacent 
to the stream. The conductors are housed in five strands of telecommunications cable, 
each one containing 50, 22-gauge insulated copper wires. At least 80 redundant wires 
were left in the housing unit as supplementary connections in the event of any wiring 
repairs or complications. 
2.3 Data Acquisition 
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The instrument shed was constructed on the west bank of O'Ne-ell Creek adjacent 
to the BMD. It houses the data acquisition system and has modest facilities for sleeping 
and working. The cables from the BMD are routed to a protective enclosure where the 
sensor wires are distributed to their respective channels in the analog-to-digital (A-D) 
boxes. 
In order to collect data from the array of sensors at a relatively high rate (100Hz 
x 82 sensors) an industrial data acquisition system was acquired from Omega 
Engineering, Inc. of Stamford, Connecticut. The InstruNet™ (# iNet-100HC) data 
acquisition system consists of a 32-bit DSP PCMCIA card and a series of A-D boxes, 
each with 16 analog inputs(+ 8 digital). The PCI bus controller contains a 32-bit 
microprocessor with 256 Kb of RAM that manages the external network of the device. 
All real time tasks are off-loaded to this processor so that the host computer is not 
burdened with real-time issues. A 12V power adapter is also included. An optical 
isolation unit provides some noise reduction from high frequency disturbances such as 
the computer and J az TM drive operating nearby. 
Each A-D box contains a signal conditioning amplifier for each channel, therefore 
voltage input from the sensor terminal is translated to a digital value which may then be 
recorded to a Jaz™ drive. Each channel has a programmable analog low-pass filter, as 
well as triggering capabilities. Signals are passed through a low-pass Butterworth filter, 
removing signals with a frequency greater than 40kHz. The filtered data are then 
recorded to disk for more sophisticated signal processing. A Jaz™ disk system was used 
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for this application, although a more reliable system is being sought. A high capacity disk 
drive system is required that can scan at least 20 Kbps, or 240 Mb per hour, without 
interruption. New media are inserted every two or three hours, and the written files are 
subsequently archived on recordable CDs for storage. 
A portable data logger (StarLogger™) operates independently of the data 
acquisition system, recording creek stage and suspended sediment data every minute. 
Suspended sediment was measured using an optical backscatter (OBS) probe, measuring 
turbidity in Jackson Turbidity Units (JTU). These data are downloaded and processed on 
a weekly basis. During the Spring 1999 event, stage data were written to CD along with 
the BMD files. 
2.4 Power Supply 
The power requirements for the operation of the BMD are substantial. With two 
PC computers, two Jaz™ drives, data acquisition system, CD writer, data logger, and 
lights, roughly 13.3 kilowatt hours of energy are required daily while the BMD is 
running. To meet the needs of this system, three solar panels were acquired, as well as a 
5500-watt generator. Three 12V telecommunications batteries were installed beneath the 
cabin to store power from these sources, and discharge them to DC appliances directly, 
and to AC appliances through inverters. Typically, the generator had to be run for several 
hours each day to maintain the battery array potential at 12.5 volts. While the solar panels 
provide up to 200 watts of power during sunny hours, many of the spring days were 
overcast and sunlight crested the tree line for only a few hours on clear days. 
As we shall see in the presentation of results in Section 4, the generator tended to 
affect the signal acquisition by introducing low frequency ( ~ 10-40 Hz) noise to the 
system. However, the functioning of the data acquisition system deteriorated noticeably 
as the voltage potential dropped below 12 volts, so at some points it was necessary to use 
the generator despite the interference it created in the BMD record. 
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2.5 The Study Site 
The bedload movement detector was installed on O'Ne-ell Creek (also known as 
Kynoch Creek), approximately 150 kilometers north ofFort St. James in central British 
Columbia. It is a third-order tributary of Middle River; Middle River drains Takla 
Lake, flowing southward to Stuart Lake, between the Omenica Mountains to the west and 
the Hogem Range to the east. The O'Ne-ell Creek watershed (Figure 13) encompasses 
about 68 km2 . The bedload movement detector site is located roughly 200m upstream of 
the Tsitsutl Creek confluence, where the drainage area is about 38.5 km2• 
Figure 13- The O'Ne-ell Creek watershed. 
The watershed above the detector site is undisturbed by human activities. Large 
amounts of woody debris, abundant riparian growth, and ample gravels in the bed make 
this river an important spawning locale for sockeye salmon. Frequent inputs of large 
woody debris create a forced pool-riffle morphology (Montgomery et al. 1995) 
throughout much of the stream. The study reach has a gradient of 1.3%, and though there 
is a large logjam 65 m upstream of the detector site, there is little woody debris adjacent 
to the bedload movement detector. The device is on a relatively straight reach of about 
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100 meters. Nival discharge through the reach ranges up to about 16 m3 /s. The average 
annual precipitation in the O'Ne-ell watershed is about 60 em. Rainfall peaks in June and 
early July. Snowfall from November to April accounts for about 50% of the precipitation. 
Summer season temperatures frequently exceed 20°; winter temperatures are frequently 
below -20° (MacDonald eta/. 1992). 
The upper reaches of the watershed are quite steep with alpine ridges up to 
2000m. Outcrops ofbedrock along the stream contribute granitic, ultramafic and 
metasedimentary rocks to the stream bedload. As the stream approaches its alluvial fan at 
about 900m, the gradient becomes increasingly subdued. 
2.5.1 Sediment Supply 
Numerous processes upstream of the study site determine the particle size 
distribution of the streambed and the material in transport. Contributions of tills and 
glaciofluvial materials from gullies and scarps are common throughout the course of 
O'Ne-ell Creek (Ryder, 1995). Colluvial inputs from bedrock outcrops a few kilometers 
upstream of the study site are common. Logjams and woody debris have a great influence 
on the patterns of gravel distribution as well (Rice, 1994). Bank failures occur in places 
throughout the system - the failure of a section of stream bank above the BMD was 
particularly noticeable in the record from the 1999 flood event. 
Streambed sediments were sampled by collecting four bulk sieve samples and 12 
cores of the streambed with a freeze-core sampler (see Thoms, 1992). The bulk samples 
were of the surface 15 em of 1m2 plots, each weighing roughly 270 kg. The large 
samples are necessary to provide accurate estimates of the coarsest fraction of the 
streambed sediment (Church eta/., 1987). The freeze core samples are 30 em deep, and 
weighed roughly 17 kg apiece. They were split into lower and upper 15 em segments. 
The volume of each freeze core segment is approximately 0.01 m3. The surface 1-grain 
layer was not segregated in either sampling methodology. 
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Figure 14- Grain size distribution from four bulk sieve samples. Three samples were excavated to a 
depth of 15 em and one (represented by a dashed line) went to 25 em. 
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Figure 15- Grain size distribution from freeze-core samples. Dashed lines indicate subsurface 
samples (below 15 em) and solid lines indicate surface material. 
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Bed material ranges from coarse sand to small boulders with diameters up to 30 
em. Sediment finer than 1 mm makes up 1% to 10% of the streambed. Large pebbles and 
cobbles are the most abundant size material. The D50 of these sediments ranges from 3.5 
to 6 psi ( t/1) (11 .3 to 64 mm). The average D50 is about 42 mm. The D90 ranges from 5.5 
to 7.5t/J (45 .3 to 181 mm). The average value ofthe bulk samples is about 128 mm. 
The pattern of textural variation on the streambed is complex. The bed material is 
coarsest in the deeper portions of the channel that experience the highest flow velocities 
such as along the thalweg and in pools. Areas removed from high velocities because of 
shallow depths or obstructions can accumulate finer material. The pattern of average 
grain sizes for the relatively linear portion of O'Ne-ell Creek above the BMD is shown in 
Figure 16. 
FjQe Grp~el 
(5 · '30 mm) 
Figure 16- Texture of the stream bed at the study site, based on a 1998 topographic survey. 
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2.5.2 Lithologies 
The lithologic or mineral character of the bed material varies a great deal, but is 
dominated by granitic and metamorphic rock (Table 1). In part this diversity originates 
from past regional glacial transport and deposition. Ferromagnetic minerals such as the 
common iron oxide accessory minerals magnetite, ilmenite and hematite, and the iron 
sulfide, pyrrhotite, are found in many of the clasts in O'Ne-ell Creek. Paramagnetic and 
diamagnetic minerals such as pyroxene, biotite, chlorite and and quartz are found in 
abundance, but seldom exert sufficient magnetic influence to trigger the sensors. For the 
purposes of this study, we have assumed that the distribution of magnetic minerals 
remains constant over all size ranges represented within the creek. It is, however, an 
important task to quantify the overall percentage of rocks within the study area that 
contain sufficient ferromagnetic material to elicit a response from a BMD sensor. 
We have recorded the signals of 180 rocks in the laboratory ranging in mass from 
0.5 to 1200g. This work and similar field experiments suggests that approximately 30% 
of the rocks in O'Ne-ell Creek yield sufficient ferrous material to obtain a voltage 
Lithology 
Granodiorite ( + diorites) 
Cache Creek group metamorphics 
Metasedimentary 
Ultra Mafic 
Dacite 
Andesite 
Arenaceous (conglomerates, greywacke) 
Rhyolite 
Quartz 
Percent 
26.0% 
25.6% 
14.1% 
9.0% 
8.1% 
5.5% 
5.3% 
3.4% 
3.0% 
Table 1 -Representative lithologies found in the bed material at O'Ne-ell Creek, N=234. 
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response greater than 1. 7 x 10-4 V (noise threshold of the data acquisition system) from a 
sensor. Clasts that yield strong signals include a variety of lithologies: volcanic rocks, 
granodioritic to gabbroic plutonic rocks, serpentinized ultramafic rocks, metasediments 
and metavolcanics. 
Because of the high sensitivity of the BMD sensors, we expect that this device 
will operate effectively in most gravel bed streams, including most of the glaciated 
regions on North America and Europe, which have a component of glacially transported 
granitic and high-grade metamorphic rocks. Custer (1991) points out that naturally 
magnetic clasts can be found in any of the andesitic volcanic terranes of Western North 
America (Coastal and Cascade ranges), the Aleutian and Alaska Range in Alaska, the 
Andes of South America, and the mountains ofthe Philippines, New Zealand, and Japan. 
Basaltic terranes also yield magnetic material (e.g. Snake River Plain, Columbia Plateau, 
Iceland, Deccan Plateau of India), and other metamorphic and intrusive terrains may also 
contain particles that are sufficiently magnetic to be detectable. 
Chapter 3 Time Series and Frequency Analysis 
This section will examine some of the strategies that have been employed to 
characterize and quantify continuous time series signals from the BMD records. Since all 
the voltage information is stored in digital format, there are numerous strategies for 
manipulating, processing and visualizing the data. Signals can be analyzed through time, 
across the stream width, or in the frequency domain. They may be filtered with respect to 
amplitude and frequency or convolved with other signals. 
Although these procedures have met with a certain degree of success, there 
remain some significant problems. At the simplest level these are due to the chaotic 
nature of sediment movement in turbulent flow, especially at high sediment transport 
rates. It is difficult to set the rules for particle counting when there seems to be so many 
exceptions and permutations. Problems that are more complex have arisen from the 
introduction of noise across the whole bandwidth of the system - due in part to the data 
acquisition system itself, and also from the operation of the power generator. 
The bulk of the signal processing work was accomplished using Lab View™ 
software, produced by National Instruments of Austin, Texas. The software uses a 
graphical programming format, which greatly shortens and simplifies the time one might 
otherwise spend generating thousands of lines of code for these applications. The tradeoff 
is that many of the signal-processing routines are somewhat of a 'black box', and thus the 
mathematical processing routines may only be customized to a certain degree. 
The voltage data from the sensors are stored in an interlaced binary format. All 
channels are written continuously to one file. This way the hard disk writing head stays in 
one place on the platter when writing multiple channels, as opposed to moving back and 
forth between separate files for each channel. A matrix operation must then sort the 
written voltage values (v) and channels (c) so that VJCJ, v1c2, v1c3, v1c4 ... becomes VJCJ, 
v2c1, v3c1, v4c1 ... and so on. The values are stored as 32-bit floating-point data, in high 
endian format. 
3.1 Identification and Characterization of Signals and Frequencies 
As a clast passes over the device, a signal similar to Figure 17 is recorded. The 
signal amplitude, or intensity, is primarily a function of the magnetic properties of the 
clast. The period of the signal is a function ofboth the length of the passing axis of the 
particle, and the velocity with which it passes the sensing surface of the device. The 
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Figure 17- Time series x(t) of a sensor's response to a passing clast. 
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positive and negative excursions ofthe signal are related to the change in sign(+/-) for 
magnetic flux with respect to time. Although the sensor has a symmetrical magnetic field, 
the particles passing over the sensor often lack homogeneity in the distribution of 
magnetic elements, or else pass in an irregular fashion, resulting in an unbalanced signal; 
i.e., large positive component with little or no negative side, or vice versa. As we shall 
see, this presents a problem in terms of detecting and counting events in a continuous 
signal record x(t). 
The identification of singular pulses in a time series is fairly straightforward; there 
are threshold exceedance and peak detection algorithms that are able to detect exceptional 
peaks within a record. Peak detection algorithms typically function by fitting a quadratic 
polynomial to sequential groups of data points. For each peak, the quadratic fit is tested 
against a threshold level, in this case the maximum voltage noise from the data 
acquisition system ( ~ 2 x 104 V). Peaks with amplitudes lower than the threshold are 
ignored. Peaks are detected only after approximately 4 data points have been processed 
beyond the peak locations. 
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However, if the positive component ofthe signal is absent, a peak detection 
algorithm will likely fail (and similarly for the negative component with a valley 
detection algorithm). Although a routine might locate a peak followed later in time by a 
valley, it is difficult to assert that they come from the same impulse. A useful 
mathematical transform for representing a discrete sine pulse as a positive, singular wave 
function is the Hilbert Signal Envelope. To envelope a signal x(t), the Hilbert Transform 
of the signal is calculated h(t). This consists of the original signal with a 90° phase shift. 
Sines are therefore transformed to cosines and vice versa. These signals are then 
convolved to produce the envelope function A(t). 1 
A(t) = ~ x(t) ® x(t) + h(t) ® h(t) 
Figure 18 shows the envelope function A(t) ofthe sine wave from the first 
example (Figure 17). 
~ 1.00E-02 
Q) 
~ 5.00E-03 +-----~-F-----l'---~~-------l 
0 c. 
:!l O.OOE+OO f-!l~~~:;:--r-~---.---/--.---i-~~..::;::=:;::;=~ 
0::: 
Q) E -5.00E-03 +- ---------"..---=---f---#- ---------j 
>0 -1 .00E-02 -l- ----~~----------------1 
-1 .50E-02 ..~...-_______________ ____) 
0 5 10 
Time (1/100 s) 
15 
Figure 18- The signal trace x(t) (black) with its corresponding Hilbert transform h(t) (dashed) and 
signal envelope A(t), shown in gray. 
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This transform resolves the ambiguity of missing positive or negative signal 
components, and provides a signal that is easy to locate and quantify in terms of 
frequency. Of course, as multiple particles cross a sensor in rapid succession, signals are 
confounded and this signal processing strategy is no longer effective. 
By taking the derivative of the Hilbert Transform, another sine wave is generated, 
with balanced components. By finding the "zero-crossing" at either end of this wave, the 
effective extents of the original signal may be determined. That is, we find the true 
beginning of the signal as it begins its upward trajectory, and the final point of the 
signal's negative excursion. This has been an effective strategy for isolating impulse 
signals for frequency transforms. Otherwise, they are affected by larger signals within the 
time series that is windowed and analyzed. 
National Instruments' Joint Time-Frequency Analysis Toolkit (JTFA) TM provides 
another useful tool for the analysis of sine wave impulses. The approach used here is to 
divide the signal into several blocks that can be overlapped. Then, the Fourier 
transform is applied to every individual block of data to indicate the frequency contents 
of each. This is known as the Short Time Fourier Transform, or STFf. By squaring the 
STFT, the STFT spectrogram is produced. The spectrogram represents the signal in 
Time-Frequency or [tJ] space, as illustrated in Figure 19. This representation is 
particularly useful for approximating the time of clast passage, and the associated signal 
frequency. 
The Gabor expansion represents a discrete signal s[i] as the weighted sum of the 
frequency modulated and time shifted function h[ i] : 
N-1 
s[i] = L L c m,n h[i- mLW] ej211 iiN (3.1) 
m n=O 
where the Gabor coefficients Cm,n are computed by the STFT: 
Cm .n =STFJ1mLW,n]= Ls[i]y*[i-mLW]e-i
2
nniiN (3.2) 
i=O 
where N denotes the number of frequency points, or "bins" and f:...M indicates the time 
sampling interval. 
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Figure 19- A sine pulse presented in time and frequency space. The relative brightness (z-scale 
magnitude) indicates the intensity of the frequencies. Note that the peak frequency response 
of the signal is located at (31.6 + 2 =) 15.8 Hz, and occurs at 15/100 s. 
An example of JTF A applied to a BMD signal is shown in Figure 20. Estimates of 
the frequency content of each impulse can be measured along the Y -axis of the graph, 
and the voltage intensity of each signal is indicated by the size and brightness of each 
point. The first signal, for instance, has a frequency of 6 Hz. The final signal, on the right 
hand portion of the chart, appears to have two frequency components - a different one for 
the positive and negative excursions of the signal. 
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Figure 20 - STFT spectrogram of a single sensor trace during a flood event. 
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This example is taken from a 'clean' section of the data. The majority of the data 
shows varying degrees of background noise, which are particularly noticeable under 
JTF A analysis. 
While Joint Time Frequency Analysis is a powerful tool, the cumbersome 
calculations involved with the JTF A Toolkit entail prohibitively long processing time. A 
single 4 hour file requires over 36 hours of processor time on a 450 MHz Pentium 
machine. In order to expedite processing at present, conventional Fast Fourier 
Transform (FFT) methodology has been applied to the signals. 
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3.1.1. The Influences of Clast Velocity On a Signal 
The time required for a unitary particle (say of 1 mm diameter) traveling at 1 m/s, 
to cross the 0.07 m sensor face is .07s. The associated period of a sensor's output voltage 
signal would be 14.1 Hz. The general formula for calculating the period for a given 
particle moving across a BMD sensor is 
1 
f {x(t)} = (Dx + 0.07) x v (3.3) 
wheref{x(t)} is the frequency of the signal, Dx is the length in meters of the particle axis 
nearest to its vector of motion (referred to hereafter as the passing axis), and vis the 
particle velocity in meters per second. We assume that the passing axis of a clast rolling 
along a streambed would be equivalent to the B or C axis. 
Figure 21 illustrates the relationship between velocity and associated period for 5 
different particle sizes. As the passing axis becomes longer, the size ofthe particle 
becomes increasingly important in determining the signal duration. For coarse sand and 
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granule particles the signal frequency is proportional to the velocity divided by the width 
of the sensor face. As Dx becomes much larger (i.e. larger clasts), the length of the clast 
becomes a greater influence on signal length, and the relation departs from this 
proportionality. 
To put this in a hydraulics perspective, Figure 22 and Figure 23 present the flow 
parameters at the study site. Figure 22 shows the stage/discharge graph, relating depth of 
flow with corresponding discharge. 
Velocity measurements were taken throughout the 1999 flood event, and the 
readings are shown in Figure 23. Two sets of measurements, taken at 0.6 and 0.2 of the 
flow depth (measured from the bed), are displayed on the graph, and compared to 
velocities predicted from the Universal Velocity Distribution Law (Dingman, 1984). 
These velocity sampling elevations were erroneously selected (0.8 and 0.2, or 0.4 alone is 
generally preferred), however the measurements are still valid. At high stage the water 
velocities did not exceed 2.5 m/s, and the velocities in the bedload transport zone (lower 
5 em) could not have exceeded 1.3 m/s (likely< 1.0 m/s). One would expect the fastest 
moving particle in the transport zone to be moving at a velocity approaching that of the 
water. 
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Figure 23- Velocity profile at O'Ne-ell1950, May-June, 1999. The exponential lines indicate the 
Universal Velocity Distribution Law for channel geometries based on low stage (May 17th-
0.23m) and high stage (June 14th- 0.68m). Four velocity measurements are indicated for 
each measurement period- two sets taken at 0.6 and 0.2 depth in the area of maximum flow. 
From this reasoning, the shortest frequency signal we could expect to see in the 
BMD record from a grain passing the full width of a sensor would come from a 1 mm 
grain of sand traveling at 1.0 rn!s, which would have an associated period of 14.1 Hz. 
This is substantially less than the Nyquist frequency ofthe sampling rate (104.2 -:- 2 = 
52.1) and less than the suggested threshold of0.2 ofthe sampling frequency, which 
would be 20.8 Hz. Thus, a sampling frequency of 104.2 Hz allows plenty ofbandwidth 
for digitizing signals from the passage of even the fastest particles. 
3.1.2 The Influences of Clast Size On a Signal 
Figure 24 shows the resultant signals from three trials of a single mafic rock 
passing over the sensor on a pendulum. The signals have been enveloped with the Hilbert 
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transform, as discussed above. As the velocity of the particle diminishes, the signal 
intensity is attenuated and the signal period increases. The area under each curve is 
roughly similar, but clearly the associated period changes substantially (see Appendix C). 
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Figure 24 -Signal amplitude diminishes and period increases with lower clast velocities 
In Figure 25, results are shown from the passage 8 particles, all of the same 
lithology and passed over a sensor at the same velocity. With the increasing length of the 
particles' passing axis, the period of the signal broadens correspondingly. 
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The amplitude of the signal is dependent on the strength of the magnetic field of 
the clast and its velocity. In Figure 25, the sampled particles are all ultramafic dunites and 
consequently have similar magnetic characteristics. The amplitudes of the sensor 
responses are roughly proportional to the third power of their lengths. The volumes of all 
the rocks may not be proportional and thus we see at least one exception, in the rank of 
the 95 mm particle; it has a lower amplitude value than the 62 mm sample. 
Figure 26 shows a graph of 71 rocks passed over the sensors at a constant velocity 
of 2.25 m/s. By measuring the duration of the sensor's voltage response for each particle, 
an "apparent" size of the passing clast is calculated. Despite much experimental error the 
slope of the fitted curve (1.014) is very close to 1. Although some stones have complex 
magnetic properties with varying magnetic strengths across the clast, there is a direct 
relationship between the size of the clast and the duration of the voltage signal induced 
by its passage over the sensor 
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Figure 26 - A comparison of clast size versus the "apparent" clast size calculated from analysis of the 
voltage signal from a sensor. 
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Thus, the frequency of the signal from a passing clast is a function of both its size 
and velocity. Since we can neither assume that the size of the particles is constant, nor 
that their velocities are constant, we must develop some statistical algorithms to extract 
pertinent information from the data. Given that we know the size distribution of the bed 
material and can measure water velocities, the distribution of signal durations in a given 
period will likely inform us about the range of velocities and/or sizes of clasts in motion. 
Furthermore, when particles in the cobble range are entrained, we should expect that at 
least two adjacent sensors would peak at the same instant a cobble traverses the device, 
leaving another clue as to the range of sizes in motion. 
3.2 Random Passage of Sediment 
As stated earlier, the BMD signals are the product of the size and velocity of 
material moving over a sensor. While we can make some reasonable assumptions about 
both of these variables, the margin of error remains at least an order of magnitude. 
There is also the matter of the trajectory of particles passing over the device. 
Particles that wobble in their course, or pass between sensors will not provide a 
representative signal. Figure 27 illustrates the results from laboratory test of the voltage 
response from a BMD sensor (see Figure 10) as various magnetic items are passed over 
the sensor at a fixed velocity. Although the sensor lane is 10 em wide (i.e. the sensors are 
spaced every 10 em) and the sensor face is 8 em wide, the area of highest response is 
only 6 em wide. Thus, the probability of a particle passing over the device and registering 
a substantial signal is only about 60%. 
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Figure 27 - The probability function facing a particle as it approaches the device. The dashed line 
indicates the possible chord length of its transect across a sensor. The relative sensitivity of 
the sensor is outlined by the experiments introduced in Section 2.1. 
Another substantial problem for deciphering signals is the phenomenon of clusters 
and sweep events. In these cases, distinguishing individual clasts becomes a difficult task. 
Particles are frequently swept up in events that trigger up to half the device in one or two 
hundredths of a second. This signal-processing problem is small, however, compared to 
sections recording the passage of gravel sheets, when the transport record is all but static 
(the sensors are overwhelmed by multiple transport events). One would expect, though, 
that the total voltage recorded might bear a positive relationship with the total volume of 
sediment passing at this point. 
Along with signals that can be assigned to a particle length and velocity, there are 
numerous high frequency signals in the record. These are signals greater than 12Hz. 
These might arise from three circumstances: 
• Passing grains not traversing the central part of a sensor. This is by far the 
most common reason, and presents the greatest problem in terms of 
estimating the total transport. 
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• Particles can move faster than the local mean fluid thrust at the bed. 
Instantaneous velocities may be as much as double the mean velocity due 
to high-speed sweeps. 
• Noise from the system (considerable in some instances) generates discrete 
random signals that vary over the breadth of the BMD record's frequency 
spectrum. Extraneous signals from system noise will be the easiest 
problem to eliminate, with an improved power source and better data 
acquisition equipment. 
As shall be discussed in the next section, longer signals arise from larger particles, 
but turbulence will also slow particles, and drag resistance increases with particle 
diameter. It is for these reasons that size estimates from the BMD sensor signals are 
considered gross estimates only. 
50 
Chapter 4 Analysis of the Flood Data Record 
Two nival floods have been recorded to date with the BMD. The floods of 1998 
and 1999 show considerable contrast in their timing, length, and sediment-moving 
capability. DFO data show that record low flows were reported in the Fraser River during 
the spring of 1998, while the flow volumes of 1999 were third highest on record (DFO, 
2000). This is certainly consistent with the data presented here. 
During the peak of sediment transport activity, the device may register over 
200,000 signals per hour. The simplest method of depicting the relative amount of 
bedload transport activity across the channel throughout a flood event is to show the total 
voltage recorded at each sensor integrated over time. The voltage readings from the BMD 
are taken to be a reasonable proxy for the rate of sediment flux. It is emphasized that 
although this is not entirely accurate, it is reasonable for illustrative purposes. If it is 
assumed that the distribution of magnetic particles varies uniformly over time, then 
statistically these summations are a good approximation of the bedload activity. 
Much of the initial data analysis has consisted of summing the many hours and 
days of data into 30-second voltage sums for each sensor. Sensor 1 is on the west bank 
and sensor 82 on the east. Charts ofthe total transport activity over time are then plotted 
onto graphs similar to Figure 29. Obvious spatial and temporal trends in transport activity 
then become evident, and the active periods of transport can be identified and further 
analyzed. 
·-------------- 30 seconds --
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CIO 
0.10 
Channel Width lSensar No.1 
Figure 28- The BMD Record consists of summing the voltage activity in absolute (positive) units for 
each channel in 30 second intervals. The resultant sums, showing the magnitude of activity 
across the channel width, are shown in the chart on the right. 
/ ~~ ::> 
Channel 
Width 
ISensor No.J 
2 hrs . .J 
--~--~" 
Figure 29 - The sums for each 30-seconds interval are then plotted over the hours and days of the 
flood event. Here a 2.5 hour section of data from 20:00 to 22:30 on June 11 is shown. 
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4. 1 Nival Flood, 1998 
The nival flood event in 1998 took place between May 17 and May 27. 
Intermittent transport activity was recorded for several days as the flood waters rose. 
Scattered activity across the channel consisted primarily of high frequency signals that 
are interpreted as clusters of sand and pebbles that were available for easy entrainment 
and were swept downstream along with loose organic debris and litter. On May 25, after 
a significant rain-on-snow event, a flood wave surged down the channel during the 
evening. The stage was on the order of a one in three year flood, but water levels rose 
very quickly. The great majority of sediment that moved in 1998 traveled within the 
ensuing 24 hours. 
May May May May 
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Figure 30- Stage readings during the 1998 nival flood. The gauge was swamped during the peak 
flows, and thus data from the night of May 25 have been reconstructed from readings taken 
just upstream of the station. Flow subsided quickly over the next three days. 
Figure 31 shows the BMD record from the peak of the flood event. Data were 
recorded at an acquisition rate of 30 Hz per channel. They are presented in the diagram as 
voltage values integrated over 30 seconds. 
While shorter, more sporadic occurrences of activity could be seen before and 
after this period, by far the bulk of the activity took place in the May 25-26 segment. As 
the event began, most of the activity registered in the center-left bank section of the 
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channel. As the event progressed, approximately 80 percent of the channel width was 
mobilized, until the activity shifted to the right hand side at about 12:30 AM on May 26. 
Three large pulses can be discerned in the graph - one starting at midnight, the next at 
about 8:45AM, and another, smaller one at about 4:45PM. In each case the onset of 
activity is quite abrupt, and tapers off over the course of 8 hours or so. Gaps along the 
length of the transport record probably indicate obstruction of sediment transport, 
possibly due to boulders coming to rest upstream of the device. 
A one-clast thick carpet of sediment 1.5m wide covered a section of the west part 
of the channel, which is seen in the chart as a gray zone in the lower part of the strip 
diagram. The low intensity is likely due to the increased distance of moving clasts from 
the sensors. Brighter, high intensity patches represent movement of clasts when patches 
of the covering layer were removed and/or unusually strong signals. At about 3:30PM 
the cover was disrupted and normal signals resumed. At the end of the transport event, 
another blanket of sediment on the device in the same area was cleared off, and the 
device was raised approximately 12 em to accommodate the slight aggradation in that 
section. 
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Figure 31 -Data from the peak of the 1998 flood event, May 25 and 26. 
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4.2 Nival Flood, 1999 
The spring of 1999 was somewhat unusual. The accumulated snow pack was 
above normal, and the spring was mostly cool, with a few warm spells. The snow melt 
flow was spread over more than a month. When the weather did finally warm in early 
June, the floodwaters rose over the course of a week. Since the flood was attenuated over 
many days, we did not see a dramatic flood peak such as the 1998 event. The passage of 
sediment was monitored continuously, but the record shows significant movement only 
from June 9 to June 16. A wide range of flow conditions was observed over the course of 
the flood, enabling us to identify a number of distinct patterns or phases of sediment 
transport. 
Figure 32 shows the hydrograph from this period, along with the total bedload 
activity and suspended sediment from June 9 to June 18, 1999. The strong diurnal signal 
is due to the higher altitude snowmelt events in the afternoon that create a flood wave, 
passing by the study site some 6 to 8 hours later. The suspended sediment index rises 
with discharge levels most days, although there is a subdued response on the night of the 
13th, when the availability of fine sediment appears to decline following a period of 
prolonged bedload activity. 
From May 23 to June 8, the transporting ability of the creek was relatively low. 
The bulk of the transport was sand-sized sediments, likely carried from storage in pools, 
channel edges and bar margins. Organic debris, clusters of fine material and a few small 
pebbles were also noted. By June 9 the stage rose to a point where larger clasts (up to 2 
em) were transported over the device. Throughout the flood the stage remained at about 
one halfbank full, never quite reaching the point of picking up structural stones, but 
easily moving whatever small, loose material was available. 
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O'Ne-ell creek has a remarkably low amount of fine sediment transport. Turbidity 
values remained low throughout the flood. At the highest turbidity levels, the streambed 
was visible (but yellowish), and between the turbidity episodes the streambed was clearly 
visible. 
Discharge through the study section reached a peak of8.6 m3/s on June 15. 
Instantaneous velocities in the creek were measured daily, and ranged up to 2.6 m/s. The 
channel cross section at peak discharge is shown in Figure 33. The depth and velocity 
measurements were taken roughly 30 em downstream ofthe BMD, every Yz meter at 0.2 
and 0.6 depth. The relatively flat cross section of this spot was present before installation 
of the BMD. 
Right Bank 
0 
I 
2m 
I 
Left Bank 
J 0.25m 
Figure 33- BMD Site Water Velocity Cross Section: contours based on maximum stage 
measurements in 1999 show the variation in velocity across the channel width. The vertical 
dimension is exaggerated threefold. 
The following figure shows the 8 days of bedload activity throughout the 1999 
nival event. Gaps in the record are due to periods of maintenance and technical problems. 
Some portions of the record have been removed due to excessive noise levels. Most of 
the record on Jun 16 was missed after a disk drive failure. 
By June 12, particles with an a-axis larger than 6 em were being recovered from 
the flow with a small hand-held basket sampler. As the stage rose during the afternoon 
and evening of June 12, increasingly intense waves of sediment passed over the device. 
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There is a lapse in the sampling record from about midnight to 1 AM, but we then see the 
activity continue past roughly 10 AM, when the amount of material in transit subsides. 
There is a strong diurnal signal in the stage record and, quite clearly, the bedload 
transport pattern responds to this trend. There is an evident hysteresis effect, wherein the 
bedload discharge rate responds proportionately to the rising flow, but then continues at a 
high rate even as the stage level diminishes. 
Interestingly, even with the lesser flows on June 13 (see hydrograph, Figure 32) 
the peak rates of bedload discharge were quite similar to the previous days' record. The 
duration of the transport event was much shorter, however. 
Figure 34 (following pages) -The BMD record from June 10 to June 17. The channel width is 
measured from the west side of the channel to the east. File lengths vary from one half hour 
to four hours. Gaps between the files are from maintenance and technical problems. Most of 
the record on June 16 was missed after a disk drive failure. 
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4.3 Sediment Transport Patterns 
The 1999 flood data were recorded at a higher rate of signal acquisition ( 104.2 Hz 
per channel) than those in 1998 (30Hz), thus presenting a clearer view of transport 
activity, and affording better signal processing resolution. As the data from the 1999 
event were analyzed, at least four patterns or "modes" of transport became evident; these 
are explored in detail here. 
4.3.1 Marginal Transport 
From May 23 to June 10, the creek discharge was close to the threshold of 
competence. Only small amounts of organic debris, clusters of fine grains and pebbles 
were transported. For a few evenings between May 30 and June 5, the stage rose to a 
point where particles in the pebble range were transported, but it is mostly sand-sized 
particles that are evident in the record (i.e. generally few signal frequencies < 14Hz). 
Transport was generally sporadic, and when the discharge and turbulence increased, 
particles showed a tendency to pass as clusters. 
w 
June 10, 23:00 
Figure 35 - Marginal transport. 
--------.~-
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Figure 35 shows a sample of the record during this early phase of transport. The 
majority of the transport activity was on the east side of the channel where flows were 
slightly faster. The narrow band of activity on the west part of the channel is sandy, easily 
transported material from a bar immediately upstream of the BMD. This portion of the 
record is the easiest to analyze, since the events are discrete, and usually affect only one 
sensor. 
On June 9, a heavy rain fell for most of the morning. This contributed to the 
snowmelt flow, which was probably accelerated by substantial melt in the higher reaches 
of the basin. The stage rose to a point where larger clasts up to 2 em were transported 
over the device. Two days later, temperatures rose to 25 C, and material began passing in 
greater volumes. 
4.3.2 Clustered Transport 
As increasing numbers of particles were picked up and carried along the bed, fluid 
turbulence and particle interaction caused grains to cluster together. There are many 
points in the record where it becomes difficult to distinguish among several particles 
passing at once. 
Figure 36 shows an example of transport during clustered transport when material 
was moving faster, with particles ranging up to 2-3 em diameter. Some of the bundles of 
sand and pebbles washed over the device in swaths up to 3m wide. 
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w 
June 12, 04:00 
Figure 36 - Clustered transport. 
4.3.3 Continuous Transport 
As the stage rose during the afternoon and evening of June 12, increasingly 
intense waves of sediment passed over the device. Inter-granular collisions, and the sheer 
volume of material in motion, blur the distinction of passing clusters. At times, the 
material seemed to pass in steady sheets. The activity continued until about mid-day on 
June 13, when the amount of material in transit subsided for a few hours and then 
resumed and reached a maximum on the evening of June 13. There was clearly an 
abundant supply of material entrained by the high flows, and the bedload discharge 
continued even as the stage level dropped during the mid-day period of June 13. 
With the ample availability of material for transport, the clustering effect becomes 
less pronounced, and we observe the onset of pulses lasting for 10-20 minutes. In the 
brief intervals between pulses, the transport rate drops almost to zero. 
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w 
June 13, 19:00 
Figure 37 - Transport at the height of the flood event. 
4.3.4 Sand Streets 
The final piece of the record (June 14th to June 1 ih) was dominated by the 
passage of sediment stringers, originating from a collapsed section of the bank 
approximately 65 m upstream. A shift in a logjam diverted flow against the bank and 
caused a large failure, sending roughly 4 m3 of sandy material downstream. The transport 
was confined to one or two narrow transport zones, 1-2 meters wide, which migrated 
laterally by about one meter. Material was passing as sheets of finer material, as could be 
observed from the catwalk at the site. Portions of the device became draped in sediment, 
although this blanket of material moved laterally as the hours passed, indicating the 
active nature of these "streets." The position of the transport streets is determined by 
newly developed minor bars upstream of the device and likely by individual small 
boulders. The width of the streets appears to vary from 10-20 em to over a meter. The 
recorded signals indicate that the stringers were comprised mostly of sand and gravel 
material. 
w 
June 15, 23:00 
Figure 38 - Steady discharge of sand and gravel along the bed. 
Figure 39 shows an excellent example ofthe onset of a gravel street, after a few 
minutes of relative quiescence. Once the material was set in motion, it continued in an 
uninterrupted stream for approximately 10 minutes. The width of this street is 
approximately 1.2 m. 
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By June 181h, the waters subsided to lower levels, and the transport ofmaterial 
gradually diminished to nothing. As the water level dropped, it became evident that a few 
larger clasts immediately downstream of the device had been transported leaving 
somewhat of a 'drop' at the site, roughly 15 em deep and 2m wide. A small hydraulic 
jump was evident in this area during the last portion of the flood. By placing some 
boulders, the scoured portion could be filled; however, this did highlight the necessity of 
maintaining the site. 
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19:49:42 
June 14, 1999 
w 
E 
Figure 39- The onset of a gravel street, 1.2 m wide. The steady passage of material lasted for over 10 
minutes. This diagram shows the first 90 seconds of the transport event. 
Otherwise, there seemed to have been little geomorphic work done on the stream 
throughout the 1999 nival flood. The flood was unusual in that it was so protracted and 
that the peak discharge was relatively low. The 1998 flood had a short period but with 
significantly higher flows . Larger floods (> 10 year return interval) will have a larger 
transporting capacity with greater, and more stochastic, sedimentary inputs. We might 
then expect to see roughly similar patterns of transport, with coarser material, higher rates 
of flux and greater variability in the transport record. At least four distinct phases of 
transport are discernible from the 1999 flood, although it can be assumed that with 
different bed material composition and changing hydraulic conditions, other phases 
would likely develop. 
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Chapter 5 Patterns of Bedload Transport 
5.1 Discussion of Sediment Transport in O'Ne-e/1 Creek 
A broad comparison of the 1998 and 1999 nival events shows that they both 
exhibit clear pulsating or unsteady transport patterns. Transport may falter or cease 
during flood stage, subject to channel conditions or sediment availability. The transport 
zone clearly widens as more material is set into motion, and then tapers as sediment 
transport declines. We observe that the transport zone may move considerably throughout 
an event. These patterns of activity are discussed in sections 5.2, 5.3 and 5.4, below. 
Although a number of problems have arisen applying the signal processing 
algorithms (described in Chapter 3) to the analysis of the flood record, we have attempted 
to estimate the total transport volume based on the number of particles counted as they 
pass over the device. The assumptions and calculations involved with this estimate are 
found in Section 5.5. The estimates obtained are then compared with existing transport 
measurements taken at 3 study reaches within the Stuart-Takla watersheds. 
5.2 Temporal Variation in Transport 
In O'Ne-ell Creek we observe pulses on several time scales. Firstly, there are 
daily pulses observed, as sediment moves in response to the diurnal pattern of snow melt. 
As the melt water discharge rises in the late afternoon and peaks around midnight, rates 
of sediment movement generally increase proportionally. Secondly, pulses are clearly 
visible on a time-scale of tens of minutes. As the volume of sediment in transit reaches a 
certain threshold of congestion, the transport becomes unsteady and moves in pulses with 
intervals of 10 to 30 minutes. Finally, at the instantaneous time scale, sediment is 
observed moving as clustered material. 
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The various types of short term, quasi-cyclic pulses discussed here are distinct 
from larger multi-event cycles of degradation and aggradation known as 'slugs ' , 
'translational waves' or 'megaform pulses' which exist on a timescale of months or years 
(Nicholas eta!, 1995). These may occur as a result oflarge, discrete sediment inputs, 
such as landslides and debris torrents, or from industrial activity such as mining. They are 
also associated with the development of gravel bars and other morphological features 
such as logjams. 
With respect to variation in transport rates at the tens of minutes scale, this pattern 
has been reported in the literature for almost 70 years. Work done in the early 1930s with 
basket samplers was the first to provide clear indication that bedload transport occurs in 
waves rather than as a steady discharge. Ehrenberger (1931) documented the oscillatory 
behaviour of bedload discharge in the Danube and Inn rivers (Figure 40), taking 
repetitive samples from a limited number of fixed stations. Similarly, Mulhofer's (1933) 
and Nesper's (1937) data showed patterns that suggest a variable periodicity in sediment 
discharge rates even at constant water flow. 
'E 
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Figure 40 - Figure from Ehrenberger's bedload measurements, taken with a basket sampler on the 
River Danube at Vienna National Bridge, 24 June 1931 suggest a pulsating movement of 
bedload. Sampling time=100-300s. Mean transport rate= 0.236 kg/s/m. (Ehrenberger, 1931 -
Fig. 6). Taken from Gomez, 1991. 
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Results from more recently developed, direct sampling apparatus such as slot 
traps with pressure pillows (Kuhnle, 1991; Harris and Richards, 1995), vortex tube traps 
(Klingeman and Milhous, 1970; Taconni and Billi, 1989), and in situ magnetic sensor 
devices (Reid et al., 1984; Ergenzinger and Custer, 1983; Bunte, 1996) have all clearly 
illustrated the passage of distinct pulses of sediment on a number of different time scales. 
Measurements taken by Bunte (1996) at Squaw Creek, Montana, are particularly clear, 
showing the presence ofbedload pulses often followed by smaller 'secondary' and 
' tertiary' pulses during a nival flood event (Figure 41). 
Figure 41- Results from magnetic bedload detector at Squaw Creek, Montana (Bunte 1996). 
Flume studies have amplified certain details of this phenomena, beginning with 
the work ofSchoklitsch (1934) and Einstein (1937). Work by Hamamori (1962) sought to 
model the frequency of bedload pulses based on the movement of coherent bedforms 
such as ripples, dunes or bars. More recently, Iseya and Ikeda (1987), Kuhnle and 
Southard (1988), Gomez et al. (1989), Hoey and Sutherland (1991), Seminara et al. 
(1996) and others have all sought to model bedload waves in heterogeneous sediments 
~+-~---+--~--~-+--~--~-+--~--~-+--~--~-+~ 
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Figure 42 -Total transport rate versus time. Measurements were taken in a gravel-bed flume, 
showing transport fluctuations on the order of tens of minutes (Kuhnle and Southard, 1988). 
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based on contributing factors such as irregularities in streambed surface and variations in 
sediment supply. These functions operate at a number of time scales and within a number 
of different river types. 
Part of the variable nature of sediment discharge is attributed to changes in the 
rate of sediment supply during the flood event. Supply may vary in response to the scour 
and fill cycles that take place upstream. Pulses may be caused by the periodic evacuation 
of storage structures such as step-pools and logjams. Exogenous inputs, such as collapse 
of the stream bank section noted above, are another typical source of sediment pulses. 
Lateral and vertical grain sorting effects will also affect sediment supply. Gomez 
(1983) points out that the development of an armour coat may eventually lead to the 
exhaustion of mobile material. Kuhnle and Southard (1988) note that the episodic 
dislodging of larger structural clasts from their stable position will cause variability in 
transport rates as well, since all the imbricated clasts around them immediately become 
available for transport. Large woody debris, bed armouring and bar development 
undoubtedly play a role as well. 
Braided rivers present a special case of pulsing sediment transport. Kang (1982) 
and Southard et al. (1984) have both suggested that the basic processes ofbraiding 
produce bedload pulses as a matter of course. Scour occurring in anabranch confluences 
may also produce bedload pulses (Ashmore, 1988). 
Perturbations or roughness elements along the streambed lead to instability of 
flow and sediment transport. As sediment discharge increases, the transport rate becomes 
out of phase with the existing bedforms. As sediment accumulates or disperses along the 
channel, the bed surface is altered, in turn changing the flow patterns and shear stresses 
exerted by water. As material is transferred from one reach to the next in greater and 
greater volumes, traffic jams begin to occur. 
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Numerous field studies have related this pattern to the migration of distinct bedforms 
such as dunes or sheets of sediment (Klingeman and Milhous (1970); Tacconi and Billi 
(1987), and Gomez et al. (1983, 1989, 1997), although such coherent forms are not often 
observed in coarse gravel systems such as O'Ne-ell Creek. Whiting et al. (1988) 
observed the transport of fine gravels, under conditions where the bed could be clearly 
seen. They noted that the bed material was organized into waves with distinct coarse 
fronts, traveling as a "bedload sheet" or moving carpet. The sheets are coarsest at the 
leading edge, the length of which is much greater than the height, and the height of which 
is less than three coarse-grain diameters. This spatial and temporal organization of 
moving sheets was further analyzed by Seminara et al. (1996) in flumes, with a view to 
understanding the sorting function they perform in heterogeneous sediments as they 
migrate along the channel. These sheets usually develop in streams with sand and fine 
gravels. 
5.3 Pulsations in the 1999 transport record 
Figure 43 shows a typical data record, this one recorded on June 15, which 
exemplifies the pulsing nature ofthe bedload transport in O'Ne-ell Creek. The peak of 
the hydrograph occurs at about 23 :00 (off the graph). The lower portion of the graph is 
the output from a single sensor, located 3.4m from right ban1c This roughly corresponds 
to the locus of transport for this period, and gives a good indication of the general pattern 
of movement. Pulses seem to occur every 5-20 minutes 
The upper portion of the graph shows the spatial variation of the transport 
intensity. The stream width is measured from the east (right) bank of the study site. The 
active transport zone is mostly confined to a 1 m lane, although activity can be seen along 
the whole length of the device. 
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Figure 43 - Figure showing the pulsing nature of bedload transport. The upper portion of the graph 
displays the width of the stream over the course of 4 hours on June 15. The lower half of the 
graph is the voltage from a sensor located 3.4 meters from the right bank of the creek. 
5.4 Latera/Instability- The Shifting Locus of Transport 
The variability of transport conditions shown within the record includes not only 
temporal variations in intensity, but also in the lateral migration of the locus of 
transport. Distinct from the thalweg, which is defined as the thread of deepest water 
(Leopold, 1994), the locus of transport is a term used to denote the portion of the channel 
that accommodates the most material in transit (Church, 2000 personal communication). 
Leopold (1994) points out that in many mountain streams, 80 percent of bedload moves 
in 40 percent of the channel width. It is therefore important in modeling rates of transport 
with empirical equations to understand where the majority of bedload is moving. 
The following figure was calculated by summing up activity in each BMD file to 
determine which sensor lane experienced the most activity. As one may observe, the 
principal area of activity shifted considerably throughout the course of the flood. At first, 
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Figure 44 - The wandering locus of transport - the locus of transport is defined here as the zone of 
maximum bedload activity throughout each data file from the 1999 Nival event. The locus of 
transport moved substantially throughout the event, starting within roughly 1 m of the right 
bank (see Figure 34, June 11th) and drifting to within 2m of the right bank (June 15-16). 
E Bank 
Figure 45 - The total activity across each sensor is summed for every BMD file. File lengths are 
usually 3-4 hours. Summed values were divided by the length of the file to ensure compatible 
numbers. The cross section profile (see Figure 33) adds the context of channel geometry. 
most of the material was carried along the deeper, eastern portion of the creek, where 
flows were swifter. As the flood progresses, we see the activity shifting towards the 
center, and eventually over to the western side of the creek. 
Figure 45 shows this activity trend in three dimensions. Summations from each 
file are plotted along the length of the 8 day event, showing the relative amount of 
activity at each sensor. The active zone changes from a relatively narrow band at the 
beginning to a broader field of motion mid-event, which then constricts again to a small 
lane of transport towards the end of the flood. 
5.5 Transport Volumes- A Transport Estimate from the 1999 Nival Event 
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Ideally, the BMD would be used as a device to determine the instantaneous rate of 
sediment transport across the stream width. With the proper calibration and improved 
design, it is hoped that we might be able to collect information on the size of passing 
particles, providing vital information about sedimentological processes occurring during 
a flood event. This is difficult with the existing record because much of the record from 
the 1999 event is contaminated with background interference from the electrical systems, 
thus complicating much of the signal processing work. The high variability of magnetic 
intensity of particles further complicates the modeling. 
However, an order-of-magnitude estimate for the bulk transport over the course of 
the event can be made by making a number of simplifying assumptions and using the 
particle size distribution from the bed material bulk samples to estimate the total number 
of grains in a single kilogram of bedload. The simplifying assumptions are: 
• The bedload material has the same particle size distribution as the bed material. 
As flood stage rises in a gravel-bed river, researchers have noted that the number 
of particles transported in each grain-size class may vary by nearly two orders of 
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magnitude (Parker, Klingeman and Maclean, 1982; Bunte, 1992). Particle size 
distributions vary with changing hydraulic conditions, sediment availability and 
clustering or hiding effects. However, since we are looking at the smaller end of 
the scale (ie. particles smaller than 45 mm), this material is less subject to 
selective transport, and we may assume that the bed material distribution is a 
useful approximation. 
• Variation in magnetic intensity is uniform for various size clasts, and is similar in 
character to the bed material. Although lithologies tend to disintegrate and 
become sorted at different rates, we assume here that each lithologic group, with 
its distinct magnetic properties, is uniformly distributed throughout all size ranges 
ofbedload material at O'Ne-ell Creek. We may further assume that since most of 
the transported material is endogenous to the creek channel, it has a magnetic 
character that is statistically similar to the samples taken from the stream bed. 
• The volume of particles is similar to that of spheres of the same caliber. The 
larger clasts are subrounded to sub angular and generally have 70% of the volume 
of equivalent spheres (n=442, St.Dev.=1 0.3%, see Figure 46). However, since the 
sieving process selects particles by their b- and c- axes, it is likely that their 
volume averages that of a sphere. With smaller sized materials, grains will 
increasingly approach sphericity. 
Figure 46- Distribution of grain geometries based on a sampling of material >50 mm The average 
sphericity of particles is 0.7. 
• The density of particles is uniform (2. 65). This density value is for the most 
common minerals such as feldspar and quartz, but there are a number of 
lithologies in the stream that are denser such as andesite, and ultramafic rocks that 
likely range closer to 3.0. 
• Only particles larger than 4 mm are able to induce a sufficiently large voltage 
response to exceed the threshold of detection. Since the volumetric estimate is 
based on the number of particles passing, this is certainly the most sensitive 
variable in the equation. While 2 mm particles have been detected in the 
laboratory, this case is generally rare; a threshold of 4 mm appears to be a better 
approximation. 
Figure 47- Size distribution of the theoretical bedload material used in the calculations. The 
proportions are based on the 4 bulk samples of bed material taken at the site. The coarsest 
material is 45 mm (5.5 t/J), and the assumed theshold of detection is 4 mm (2.0 t/J). 
Based on random bedload sampling with a 1 0-inch (25 em) basket sampler 
throughout the course ofthe event, the largest clast captured had an a-axis of6.61j1(100 
mm). By far the majority of the material did not exceed the medium gravel size range 
(>12 mm). 
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During periods of marginal transport, we observe particle counts at rates of up to 
35 per second. At the peak of transport activity, rates reach up to 100 or 150 per second 
(Figure 48). Theoretically, the detection algorithm can detect up to 600 events/ sec. 
However, there may be times where the sensors are overwhelmed by multiple events. On 
the other hand, there are a few points in the records where random noise interferes with 
particle counting, and this may add up to 25% more particles than were actually passing. 
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Figure 48- Rates of particle transport (number of events per second) over the course of the flood. 
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Assuming that the device is only able to distinguish individual particles larger 
than 4 mm in size, there are approximately 564 7 particles per kilogram of the bed 
material (Table 2). Ofthose particles, we assume that only 30% are sufficiently magnetic 
to initiate a voltage signal over the threshold of detection. Furthermore, since particles 
must generally pass over the more sensitive 6 em central diameter of the sensor to 
register (the sensors are spaced at 10 em intervals), there is a further exclusion of 40% of 
the sample. Therefore, a correction factor of (0.30) x (0.60) = 0.18 is applied to this 
value. The total number of detectable particles per kilogram is thus 1017. 
Other complicating factors include cases where two signals arise on adjacent 
sensors from a larger clast passing between them, and sections of mostly static, where 
sand grains are passing in large volumes. 
- l 
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Sieve % of Sample Proportional Density Single Grain Single Grain #of Grains 
Size (mm) Weight Weight kg/m3 Volume (m3) Weight (kg) in 1 kg Sample 
I 
45.3 17.78 0.1778 2650 3.02E-05 8.01E-02 2.22 
32.0 15.99 0.1599 2650 1.07E-05 2.82E-02 5.66 
22.6 11.22 0.1122 2650 3.76E-06 9.97E-03 11.25 
16.0 8.75 0.0875 2650 1.33E-06 3.53E-03 24.79 
11.3 9.52 0.0952 2650 4.71E-07 1.25E-03 76.32 
8.0 14.70 0.1470 2650 5.32E-08 1.41 E-04 1042.71 
4.0 7.35 0.0735 2650 6.18-E-09 1.64E-05 4484.20 
2.0 8.95 0.0895 2650 1.49E-09 3.94E-06 -Not 
0.83 3.05 0.0305 2650 1.55E-10 4.11 E-07 Included-
0.5 2.69 0.0269 2650 6.54E-11 1.73E-07 
100.00% 5647.15 
x 18% detected = 1016.49 
Table 2 -An estimate of the total number of grains per kilogram of bed material from O'Ne-ell 
Creek, based on 4 bulk samples taken at the study site. 
Over the course of 6 days (June 10 to June 15), some 14 x 106 particle events 
were registered. Typical rates for a day were 1.7 x 105 on June 10 (low) and 4.2 x 106 on 
June 13 (high). Making the gross assumption that the particle distributions for these days 
were similar, and that 1016.5 events marked the passage of 1 kg of material, the volumes 
break down as follows: 
Date # of Particles Tons of Material Unit Trans. Rate 
June 10 171859 0.169 0.023 kg/m-s 
June 11 1203123 1.184 0.164 
June 12 1504929 1.480 0.206 
June 13 4202050 4.134 0.574 
June 14 2058716 2.025 0.281 
June 15 3230275 3.178 0.441 
June 16 1271613 1.251 ------------
June 17 771466 0.759 0.057 
Total 14414031 14.18 
Table 3 - Daily particle counts, with associated bulk sediment transport estimates. The record from 
June 161h is incomplete. 
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This would imply that at the height of transport activity, bedload was moving at a 
rate of2.87 kg/s, or 0.574 kg/m-s, given an active transport zone width of 5.0m. In terms 
of the volume of material passing during the flood, assuming an aggregate density of 1.8, 
14.18 tonnes equals 7.88 m3 of material passing over the device 
5.5.1 Magnitude of Error 
Although larger particles are not likely in motion during the early part of the 
event, we are assuming a static distribution of material throughout. With marginal 
amounts of material moving, the inclusion oflarger clasts (i.e. 45 mm) does affect the 
volumetric estimate somewhat, even through they comprise such a small fraction of the 
particle count. By changing the largest-sized clast assumed to be in motion to 22.6 mm, 
for example, the volumetric estimate for the given period declines to 66% of our original 
estimate. 
The calculations are rather more sensitive to the decision of the minimum size 
clast detectable. If a smaller size limit is chosen, the calculated volume decreases greatly. 
If we had chosen a detection threshold of 0.833 mm instead of 4 mm for instance, the 
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transport estimate for the nival event would have been 781 kg- just over 5% of the 
present weight estimate of 14 180 kg. With a threshold of 8 mm, however, the estimate 
would be been 68 857 kg, almost 5 times the present value. The assumption of minimum 
threshold of detection is thus of considerable importance in these calculations. 
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Figure 49 - The effect of two important parameters in the volumetric transport estimate. As the 
assumed threshold of detection by a BMD sensor increases from 0.5 mm to 8 mm, the 
estimate of transported material grows by several orders of magnitude. The assumptions 
regarding the largest particle in motion (y-axis) affect the volumetric estimate as well - as the 
assumed size moves from 8 mm to 64 mm, the estimate increases by a factor of 3. 
Ideally, data from basket sampling should be paired with the BMD calculations so 
that some estimate of the largest grain in motion can be made for as many periods of the 
record as possible. We could then adjust the estimate to reflect the different conditions 
encountered throughout the flood event. 
5.5.2 Stream Efficiency 
Table 4 shows some of the hydraulic parameters at the BMD site. The water-
surface slope was not adequately measured, and is thus assumed to be similar to the bed 
slope of0.013 . Unit stream power is defined as the product of the unit weight of water, 
velocity, depth and slope ( w = yVDS). The mean shear stress at the bed is defined as the 
I 
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product of the unit weight of water depth, and slope (yDS =roN). The stream efficiency 
is the unit bedload-transport rate (estimated in Table 3) divided by unit stream power 
(Emmett, 1976). 
It is interesting to note that Leopold and Emmett (1975) have developed a 
relationship between bedload transport rates and stream power, based on the hypotheses 
ofBagnold (1973). They suggest that as stream power increases, and sediment is set in 
motion, the stream efficiency will approach a constant. The efficiency rating generally 
found in coarse gravel rivers (32-64 mm) is 2-3 percent, barring any effects such as 
armouring, that further diminish the transport capacity of the stream. These values are 
close to the range of the present transport estimates, 0.2% to 4.8%. 
Mean Flow Unit Stream Mean Shear Stream 
Stage Q 
Date 
(m3/s) 
Velocity Power Stress Efficiency 
(m) 
(m/s) (kg/m-s) (g/cm2) % 
June 10 0.52 10.55 1.5 10.14 0.676 0.2316 
June 11 0.55 11.73 1.6 11.44 0.715 1.4370 
June 12 0.62 14.49 2.0 16.12 0.806 1.2756 
June 13 0.57 12.52 1.6 11.856 0.741 4.8427 
June 14 0.63 14.88 2.0 16.38 0.819 1.7173 
June 15 0.64 15.27 2.1 17.472 0.832 2.5261 
June 16 - - - - - -
June 17 0.44 7.41 1.4 8.01 0.572 0.7152 
Table 4- Summary of hydraulic parameters at O'Ne-ell1950. 
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5. 6 Comparison with Existing Data 
The best available data on rates of bedload transport in O'Ne-ell Creek have been 
collected by Gottesfeld (1998) and Poirier (2000) (See Section 1.3). Based on their 
measurements taken over the course of the 1996 and 1997 floods at O'Ne-ell Creek, we 
are able to determine approximate volumes of material carried through a given reach. The 
reaches chosen for comparison are O'Ne-ell1550 and O'Ne-ell9502, roughly 400m and 
1000m downstream ofthe BMD site (O'Ne-ell1950), respectively. Tsitsutl Creek joins 
O'Ne-ell at approximately 1750, adding substantial flow to that ofO'Ne-ell. Combined 
with a subdued gradient (>.005), somewhat finer material and different years of 
measurement, we would expect the transport estimates from these reaches to vary 
appreciably. Data from Forfar Creek (see Figure 3) is also shown for comparison. The 
flood discharge (~10 m3/s) and slope (0.015) ofForfar 1545 are close to that ofthe O'Ne-
ell BMD site. 
By measuring the typical travel distances of tracer sediment particles, Gottesfeld 
was able to determine an average step length of clasts within the study reaches. The 
smallest particles that were used as tracers were 50 mm (i.e. mostly larger than the gravel 
and sand material that was measured by the BMD in 1999). The travel distances 
measured are referred to later as 'Tracer Step Lengths'. 
From topographic surveys of the stream bed, Poirier was able to determine loci of 
deposition and erosion, corresponding closely to pool-riffle units within each study reach. 
The lengths between these points are referred to in the calculations as 'Morphological 
Step Lengths'. These agree substantially with the Tracer Step Lengths measured by 
Gottesfeld. The volumes of cut and fill surveyed by Poirier represent the net amount of 
material moved, i.e. the lowest possible estimate of transport. 
2 Reach labels refer to the chainage distance measured from the mouth of the creek. 
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To convert these reach transport estimates to at-a-point transport estimates, the 
total amount of material transported within the reach is divided by the number of step-
lengths. The 'tracer' and 'morphological' values offer slightly different estimated 
transport volumes, but they are largely in agreement with the BMD estimates. If 
anything, the 7.88 m3 moved during the 1999 flood event appears slightly low. This may 
be attributed to the lower magnitude flood that passed through the study reach in 1999. 
Cut I Fill Reach #Pool/Riffle Units # Tracer Steps Transport Vol 
Vol. (m 3) Length (Morph. Step Length) (T Step Length) Estimates (m3) 
O'Ne-e111550 8.82 
30.87 
Nival Flood '96 3.5 2.5 12.35 
68m 
O'Ne-ell1550 (19.42 m) (26.78 m) 9.16 
32.07 
Nival Flood '97 12.83 
O'Ne-e11925 
15.82 7.91 
Nival Flood '96 2 
37m --
O'Ne-ell 925 (18.5 m) 
11.21 5.61 
r~"ival Flood '97 
Forfar 1545 3.00 
7.51 
Nival Flood '96 2.5 4.8 1.56 
47m 
Vorfar 1545 (23 .5 m) (9.65 m) 4.64 
11.60 
Nival Flood '97 2.42 
Table 5- Calculations of net transport rates through three reaches in the Stuart-Takla Watersheds. 
Cut/Fill Volumes are taken from morphological estimates made by Poirier (2000). 
Morphological Step Lengths and Tracer Step Lengths provide two estimates of transport 
distances within the reach. Cut/Fill volumes are accordingly divided by the number of step 
lengths in the reach, providing two estimates of transport volumes. 
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Chapter 6 Future Directions and Conclusion 
There are two major components to be undertaken for the completion of the BMD 
project. The first is the proper calibration of this device, likely in a flume with video 
capabilities. We are presently only able to guess at the effectiveness of this device -
further work must be done toward generating accurate volumetric estimates. The second 
is the device installation, which must be improved in a number of respects. This section 
will examine some of the opportunities and barriers that face the project at this point. 
6. 1 Flume Studies 
The next stage for calibrating the BMD is to place it on the bed of a laboratory 
flume, and pass known quantities of material over the sensors and relate this to the 
volume of passing sediment. Church (2000, personal communication) has suggested that 
the proper methodology to accomplish this is to cast sediment particles out of concrete 
with varying amounts of magnetite mixed into them. By controlling the magnetic content 
of the particles in this way, and measuring velocities by means of a video camera system, 
all the variables should be accounted for. 
Another important calibration experiment will be to place a conventional sampler 
such as the Helley-Smith device downstream of the BMD during a transport event, and 
compare the BMD record with the volumes of sediment retrieved from the flow. 
6.2 Device Installation 
Several improvements for the device have been suggested over the course of our 
investigative work (1998-2000). Since the velocity of individual particles is far from 
certain throughout the course of a flood event, a second row of sensors would be 
extremely helpful in interpreting particle trajectory. This could be placed directly 
downstream of the present row, with a 10 em distance from center to center. Data from 
the two rows of sensors could be convolved to estimate a mean particle transport 
velocity. The second row of sensors would double the number of channels in the data 
acquisition system (and thus the data storage requirements), so some thought must be 
given as to how to implement this. 
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It is presumed that ifthis type of bedload movement detector were to be installed 
in a stream with clasts of uniform magnetic permeability, then the summed voltage 
signals could be interpreted as transport mass per unit time. 
The device has been described as somewhat of a 'sieve', since particles passing 
between sensors may register much less of a signal than those passing directly over a 
sensor (see section 2.1 ). What is required is a 'discrete' field such that a passing particle 
would induce the same signal no matter which way it passed over the device. 
As a compensatory measure, the second row of sensors could be placed in a 
staggered position, such that a particle passing between sensors on one row would pass 
directly over the next sensor downstream. At whichever point that it passes along the 
device, the sum of the upstream and downstream signals may theoretically be constant. 
Further additions to the study apparatus should include some device for 
measuring the instantaneous shear stress close to the boundary layer, so that the subtle 
turbulent fluctuations may be recorded in conjunction with flow velocities. A number of 
strategies involving Pitot tubes or pressure transducers have been suggested, although the 
implementation of these devices in the active transport zone presents some problems. 
6.3 Automation and Signal Processing 
We have not yet been able to capture a summer or fall flood, of which there are 
usually few that will initiate bedload transport. It is hoped that some means of automating 
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the device will be developed in the future. We have experimented with a "knock 
detector," a piezoelectric device that emits a voltage signal when triggered by vibration. 
This will provide an acceptable cue to start recording, however, we have not been able to 
arrange a failsafe computer system that will initialize itself and begin recording. 
Ultimately, the BMD must be able to process the incoming data 'on the fly', and 
provide a summarized record of a flood event, rather than spooling hundreds of gigabytes 
of data that need to be processed. If the magnetic character of the stream bed sediments is 
known, it may be possible to set the data acquisition software to the task of 'counting' 
events and estimating their frequency. As better signal processing and spectral analyses 
tools evolve, it will become easier to provide a statistical summary that need not be larger 
than a gigabyte in total, even for several weeks of monitoring. The only remaining 
logistical problem then is the power supply. 
The power supply is certainly the weak link in the installation. In sections, the 
data is so badly degraded from sources such as a running generator (or possibly a VGA 
monitor) that the data are unsalvageable. The generator needs to be shielded from the 
data acquisition's power supply, perhaps by connecting it to the last battery in the array, 
rather than the same charge/discharge terminals as it is presently configured. Despite this 
measure, it may still be quite difficult to isolate the data acquisition system from the 
voltage irregularities of a solar system. As far as automating power supply, some means 
of triggering the generator when power runs low must be found. 
Conclusions 
The UNBC BMD is a novel instrument for measuring the passage of bedload 
material in a coarse gravel bed creek. With newly patented sensor technology devised at 
the University ofNorthem British Columbia, and a high-speed data acquisition system, 
the instantaneous observation of particle motion along an alluvial channel is now 
possible. Initial data sets recorded from nival events in 1998 and 1999 show transport 
dynamics that are consistent with a century of field observations, with a spatial and 
temporal resolution never achieved before. 
In light of existing technologies that have been used for measuring bedload, the 
BMD presents several advantages. The device provides a continuous record, and samples 
the full width of the stream. It is able to detect 30 percent of the material in transit, with 
minimal interference of the sediment passage. It is expected that the sensors are capable 
of detecting a higher percentage of the material - there is always the potential of filtering 
the data in order to reduce the quantities detected, and thus simplify processing. 
The BMD is a semi-permanent installation, requiring considerable effort to install 
the footings, frame, cables, and wiring. The power requirements are substantial. An array 
of solar panels and a backup generator are required to run the computers and data logging 
equipment. The device still requires extensive calibration in order to better relate the 
signals recorded to the actual quantities of sediment in transport. It is hoped that with a 
better data acquisition system and faster computer systems, the device will be a viable 
instrument for sediment transport studies. 
The calibration work that has been performed shows that there exists a strong 
relationship between the size of passing clasts and the period of the signal that they 
generate. The confounding factor is velocity; as particles move more quickly, the period 
is proportionally shortened. If an assumption is made about the likely transport velocity 
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of particles, there are a number of signal processing tools for calculating the frequency of 
the recorded signals. A rough volumetric estimate may then be made. 
The results from the data recorded over the course of two nival flood events offer 
a wealth of information on bedload transport. Bedload sampling has never been achieved 
at this resolution, and thus we are uniquely capable of verifying hypotheses regarding the 
rates and distribution of sediment moving along the bed. The flood records clearly show 
how the locus of transport varies from one side of the creek to the other, and that the 
response of transport rates to water discharge can be quite variable. The semi-quantitative 
data collected on pulsations and bedload streets raise new questions about the transport 
processes in gravel bed rivers such as O'Ne-ell Creek. 
It is anticipated that as the device is refined, gathers more and more data, and 
becomes applied to different fluvial environments, a more comprehensive picture of 
sediment transport will emerge. 
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Appendix A- Glossary 
a-, b-and c- axes: 3 measurements describing the dimensions of a clast. The a-axis of a 
clast is the longest axis of the grain, and the longest axis orthogonal to that is the 
b-axis. The two dimensional area described by the a-b plane of a clast is its 
maximum projection. The c-axis is normal to the a-b plane. 
Aggradation: The process of building up a surface by deposition. 
Allochthonous: Derived from outside a system, for instance, colluvial material from a 
cliff face contributing to the bedload of a stream. 
Anabranching River: Multiple channels separated by stable islands which are large 
relative to the size of the channels, and which divide the flow at discharges up to 
and including bankfull. Consequently the flow patterns in adjacent channel 
segments are essentially independent of one another, unlike those in braided 
channels (Knighton, 1998). 
Armour layer: Erosion-resistant layer of relatively large particles on the surface of a 
streambed. Such layers typically result from removal of finer particles by erosion. 
Autochthonous: Derived from within a system, for instance, sediment transported from 
one gravel bar to the next. 
Bankfull: Most commonly defined as the point at which discharge in the creek has filled 
the channel to capacity, occurring on the average once every 1.5 years. 
Bioturbation: Disturbance of a natural system by an organism; in this case, the 
disruption of the streambed gravels by spawning salmon. 
BMD: The Bedload Movement Detector, developed at UNBC. The device consists of an 
array of magnetic sensors housed in an aluminum beam. The beam is set into the 
stream bed such that its upper surface is flush with the gravel bed, and signals 
from the sensors are recorded during a bedload transport event. An estimate of 
bedload transport may then be obtained. 
Braided Stream: Stream that forms an interlacing network of branching and 
recombining channels separated by bars and contained within a dominant pair of 
floodplain banks. 
Competence: A threshold of stream discharge at which particles may be entrained and 
carried with the flow. 
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DFO: The Department of Fisheries and Oceans, recently renamed Fisheries and Oceans 
Canada (FOC). 
Equal Mobility: A hypothesis stating that coarse sediment particles will resist 
entrainment due to their being hidden or imbricated. Once flows reach a critical 
threshold, however, the resistance ofthe larger, structural stones is overcome, and 
all size ranges of material become available for transport at roughly the same 
time. 
Fast Fourier Transform (FFT): A fast method for calculating the Discrete Fourier 
Transform. It is used when the number of samples in a time series is a power of2. 
Fluvial Entrainment: Suspension and transport of solid materials by stream flow. 
Fourier Transform: Usually referred to as the Discrete Fourier Transform or DFT. A 
mathematical process whereby a time series, or signal, is uniquely and completely 
described as a sum of a number of sinusoids, each with a unique peak amplitude, 
frequency, and a phase lag (relative alignment). The resultant series provides a 
representation of frequencies present within the original signal. 
Freeze Core Sampling: A method of sampling streambed gravels. The device used in the 
present study consisted of a 1m long, 5 em diameter, hollow aluminum standpipe 
with a bowl-like flared open end. The pipe has a pointed tip that is driven into the 
streambed some 30 em. Acetone is then poured into the large flared end, filling 
the standpipe, and dry ice is placed in the bowl. As the acetone cools, the 
interstitial water and sediment next to the pipe are quickly frozen (1 0-20 min) and 
then removed as a core. 
Hilbert Transform: The Hilbert Transform (.Yt) returns a complex helical sequence, 
sometimes called the analytic signal, from a real data sequence. The analytic 
signal has a real part, which is the original data, and an imaginary part, which 
contains the Hilbert Transform. The imaginary part is a version of the original real 
sequence with a 90° phase shift. Sines are therefore transformed to cosines, and 
vice versa. The Hilbert transformed series has the same amplitude and frequency 
content as the original real data and includes phase information that depends on 
the phase of the original data (Mitra, 1990). 
Hydraulic Efficiency: The ratio of the mean velocity of water discharge through the 
sampler to the mean velocity of the water discharge which would have occurred 
through the area occupied by the opening in the sampler nozzle had the sampler 
not been there (Hubbell, 1964). 
Imbrication: The interlocking, or "shingling" of particles, as they are naturally deposed 
in similar orientations. Freshly deposited material becomes more tightly packed as 
marginal flows shake and settle them into place. 
JTFA: Joint Time-Frequency Analysis. A method of analysis that simultaneously 
provides both time and frequency information. It shows how the frequency 
spectrum of a signal varies with time. 
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Large Woody Debris (L WD): Any large piece of woody material that intrudes into a 
stream channel, whose smallest diameter is greater than 10 em, and whose length 
is greater than 2m. L WD is important for providing fish habitat and in influencing 
channel morphology. 
Locus of Transport: The portion of a stream cross-section that exhibits the highest rates 
ofbedload transport. 
Low Pass Filter: A filter that passes frequencies below a certain cutoff frequency. It 
passes low frequencies but attenuates high frequencies. 
MOF: The British Columbia Ministry of Forests. 
Nival Flood: The spring flood event, generated by snow-melt, in mountain catchments. 
Nyquist Frequency: Half of the sampling frequency. The Nyquist theorem states that to 
recover an analog signal from its samples, the sampling frequency should be at 
least twice the highest frequency in the signal. Therefore, in order to capture 
signals up to 50Hz, the BMD sampled the voltage data at a rate of 100 Hz. 
Phi ( ¢) Scale: A logarithmic scale used to describe the size of sediment grains. The 
relation between grain size (D) and phi ( ¢) units is as follows: 
¢ = -log2D(mm) = -3.3219 log10D(mm) 
Pool-Riffle Morphology: Pool-riffle channels have an undulating bed that defines a 
sequence of bars, pools and riffles. Pools are topographic depressions within the 
channel, spaced every five to seven channel widths. Riffles are shallow sections 
of the stream with rapid currents and a surface broken by gravel, rubble, or 
boulders. 
Psi ( l/1) Scale: The inverse (negative) representation of the logarithmic Phi ( ¢) Scale. 
Redd: Nest made in gravel, consisting of a depression hydraulically dug by a fish for egg 
deposition (and then filled) and associated gravel mounds. 
Shear Stress: The product of the unit weight of water (1000 kg!m\ depth (m) and slope 
(m/m), and is a parameter useful in predicting the maximum size of bedload 
particles that may be entrained. 
Short Time Fourier Transform {STFT}: The term for taking a Fourier transform of 
shorter time intervals of samples of a signal, rather than on the entire set of 
samples. Also known as the windowed Fourier transform. 
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Stage Level: The depth of stream flow at a monitoring station. The stage level is usually 
calibrated to previous measurements of discharge. 
Stream Efficiency: Expressed as the unit bedload transport rate divided by unit stream 
power. 
Stream Order: A number from 1 to 6 or higher, ranked from headwaters to river 
terminus, that designates the relative position of a stream or stream segment in a 
drainage basin. First-order streams have no discrete tributaries; the junction of 
two first-order streams produces a second-order stream; the junction of two 
second-order streams produces a third-order stream; etc. 
Stream Power: The product of the unit weight of water (1000 kglm\ velocity (rnls), 
flow depth (m) and slope (rnlm). This is a useful parameter in presenting the 
transport rate ofbedload sediment. 
Stream Reach: A relatively homogeneous section of a stream having a sequence of 
repeating structural characteristics (or processes) and fish habitat types. 
Thalweg: A line connecting the deepest parts of a stream channel. 
Third Order Tributary: (see Stream Order) 
Appendix B - Gravel sampling data 
Freeze Core 
Sample Locations, 
September 20-21, 1998 
One'ell Project Site 
D bulk sample site 
5 ~ freeze core site 
10m grid 
bedload 
detector 
19+40 
cabin 
19+60 
19+70 
19+80 
t Flow Direction 
19+90 
Figure 50 - Locations of gravel sampling sites at the BMD study site. 
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Appendix C - Laboratory calibration data 
Tests were done on the BMD sensors using 6 rocks of varying size and lithology. 
The rocks were affixed to a pendulum and passed over two sensors at varying speeds. 
Three positions were tested: across the middle of sensor 1, at one quarter the width of 
sensor 1 (toward sensor 2), and exactly between the two sensors. The position is indicated 
by the picture at the top of each set of diagrams. The clasts were passed at three speeds: 
1.4 rn!s, 0.8 rn!s and 0.4 rnls. Note that the voltage scale is the same for all diagrams. 
The rocks used were as follows: 
Sample Weight Short Circumf. Long Circumf. Rock Type 
A 214 g 15.2 em 18.7 em Metapyroxini te 
B 388 g 17.5 em 22.8 em Andesite 
c 22.1 g 7.0cm 8.9cm Serpentine(+?) 
D 1355 g 30.4 em 34.9 em Granodiorite 
E 552 g 19.5 em 30.2 em Greenstone 
F 69.1 g 17.3 em 14.6 em Serpentine(+?) 
Table 10- Characteristics of rock samples used in pendulum experiments. 
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Rock A 1.4 m/s (5s interval) 
1.50E-02 
1.00E-02 ...................... 
S.OOE-03 
O.OOE+OO 
-Sensor 1 
----·- Sensor 2 
-S.OOE-03 
-1 .00E-02 r---- --
_________ , ___ , _ _____________ __, 
Rock A .8 m/s (5s interval) 
1.50E-02 -,.-------------------, 
S.OOE-03 -/-111----1-----!11----f!----n- 1 
-S .OOE-03 ......... ________ ................................... u ............................. ................. .. 
-1.00E-02 
-1.50E-02 '-------------------' 
.......................................................................... - .......... _________________ , ..................... _, __ ................ , _ _ 
Rock A .4 m/s (5s interval) 
1.50E-02 ·--,--- - --------------, 
S.OOE-03 
-S.OOE-03 
-1.00E-02 · ······················-···---
-1.50E-02 .. '-------------------' 
118 
Rock A 1.4 m/s (5s interval) 
1.00E-02 
5.00E-03 - -- -- - --- --+ ----11----··---
-5.00E-03 
-1 .00E-02 
-1.50E-02 -------------- -----·- - -· 
Rock A .8 m/s (5s interval) 
1.50E-02 
1 .OOE-02 -·--·---------··-··- ···-... ···--····------------··- ···--··-··-··-···-··--··-·-··--··-··-
5.00E-03 
O.OOE+OO 
~-·····_········...,1.,...tl_·······_········_·······_·······~, ~; _·······_······· ..... ·······_- -N 1 n,.,.······_·······_········_·······-rr', -~._- ···_···-··_·············....q···· ~~~ !;~;:~~] 
-5.00E-03 
-1 . OOE -02 ·-------··--····--····-··········-··--··--····--······--··-··--··--····---··········--··--··------------·-··· ··· -
-1 .50E-02 
Rock A .4 m/s (5s interval) 
1 .50E-02 ·· ·---.... ·---·--·-·----·-.. --·--·--·----··---.. _ .... _ .. _ ____ _ 
1.00E-02 ·· 
5 .00E-03 - .... _ .. _ .. ____________ ., __________ ... _ ..__________ ... _ ................ --................ ____ _ 
-Sensor 1 
- Sensor2 
-1.00E-02 · 
-1 .50E-02 '------------------' 
119 
Rock A 1.4 m/s (Ss interval) 
1.50E-02 ·...------------------, 
1.00E-02 
S.OOE-03 · ... ·--·---·-.................................................................................. ___ ____ ............... . 
O.OOE+OO ·1-(f).....y---d>-;-,._. ... <f,lv"'---11)-"'---f~ - Sensor 1 
· · • · .......... Sensor 2 
-S.OOE-03 -1 ---------------1 
-1.00E-02 - - - -- ··· ································-·················-····-· ·························-
-1.50E-02 
·------------·--................. - ............... __ ,_ __ ,,, ............ . 
Rock A .8 m/s (Ss interval) 
1.50E-02 ,------------------, 
1.00E-02 +- ---------------1 
S.OOE-03 ·· - --· ········ ·························· -
O.OOE+OO +--<J:>----<tr>---......a~---<»--v· ---q - Sensor 1 
--- Sensor 2 
-S.OOE-03 -----·-·---------------1 
-1 .00E-02 
-1.50E-02 -'------------------l 
Rock A .4 m/s (5s interval) 
1.50E-02 
1.00E-02 -------------·----·--····--------! 
S.OOE-03 
O.OOE+OO 
- Sensor 1 
- Sensor2 
-S.OOE-03 ·f-- --------------1 
-1 .00E-02 
-1.50E-02 _L,_ _____________ __J 
Rock 8 1.4 m/s (5s interval) 
1.50E-02 -r------------------..
1 
1.00E-02 · -----------------------------------1 
S.OOE-03 ·· 
O.OOE+OO A ~ A ~ ~ v ' r 
·-1-~"---UJ- -.....P.---Jl-----! ~ -Sensor 1 
- Sensor 2 
-S.OOE-03 -
-1.00E-02 ·· 
-1 .50E-02 ·· 
Rock 8 .8 m/s (5s interval) 
1.50E-02 
1.00E-02 
S.OOE-03 
O.OOE+OO lA l I ~ , 1l/ , 1j ' 
-S.OOE-03 
-1.00E-02 
-1 .50E-02 
Rock 8 .4 m/s (5s interval) 
1.50E-02 ·-------------------------· 
1 .OOE-02 · ----------- ---------------------·-··--· 
S.OOE-03 
O.OOE+OO ·· .. •• • ~ •'<~v"'" • .. • .,.;v-.. - """ 
-S.OOE-03 · 
-1 .00E-02 
-1 .50E-02 ·'--------------------' 
120 
Rock 8 1.4 m/s (5s interval) 
1.50E-02 ...------------------, 
1 .OOE-02 · -- ··········-·············--··········· ················--···---·-----
5.00E-03 ··f ················································································································································································· l 
-~~- ~------~hr-----~~A ----~A~--~ ~ --Senwr1 O.OOE+OO r- • y y 
• Y i - Senwr2 
-5.00E-03 · --· 
j .......... ____ ··--·---··-·------! 
I -1.00E-02 ................ _. __________________________ ........... .. ·j 
------------- I -1.50E-02 -----.. ·-·--·-- ____.~ 
Rock 8 .8 m/s (5s interval) 
1.50E-02 
1.00E-02 
5.00E-03 
O.OOE+OO v ... v 
-5.00E-03 
-1 .00E-02 
-1 .50E-02 
·----------------------------------
Rock 8 .4 m/s (5s interval) 
1.50E-02 ---------- ------------. 
1.00E-02 
5.00E-03 ---- -----------------4 
O.OOE+OO 
-5.00E-03 
-1 .00E-02 
-1.50E-02 ··'--------------------' ____ ............. __ , _____________ ..... .. 
--Senwr 1 
......... Senwr 2 
121 
Rock 8 1.4 m/s (Ss interval) 
1.50E-02 ·r-----------------, 
1.00E-02 ·1-- -----
5.00E-03 
·~~~~----~--~~~----~~--~ ~ -Sen~r1 O.OOE+OO r 
-·-··  Sensor 2 
-5 OOE-03 ·1--- ---------------; 
-1 .00E-02 ·  ······················ 
-1.50E-02 ··'------------------' 
'--------------------------··---
Rock 8 .8 m/s (Ss interval) 
1.50E-02 
1.00E-02 
5.00E-03 
O.OOE+OO t-........ ---------------i -Sen~r1 -- Sensor 2 
-5.00E-03 ·!--- ---------------· 
-1 .00E-02 
-1 .50E-02 '----------------...-J 
Rock B .4 m/s (5s interval) 
1.50E-02 
1.00E-02 ·!--------------·------------! 
5.00E-03 + ····················································· ······················································································ ......... I 
O.OOE+OO -1----------------1 [ :;~;~~] 
-5.00E-03 +------------------1 
-1.00E-02 
-1 .50E-02 -'----------------_...J 
122 
123 
Rock C 1.4 m/s (5s interval) 
1.50E-02 ...----------------, 
1 .OOE-02 ----- - ---------------------·-----· 
5.00E-03 
O.OOE +00 ···kfl---.,.P..--"11,!...__-"11..__""""".._,_---,ft I ~;~~~~] 
-5.00E-03 -1-'-- -------------'------l 
-1 .50E-02 ·· -----···--·-····------------··-----··--···-····-··--·-··--··········  
Rock C .8 m/s (Ss interval) 
1.50E-02 ··r----------------, 
1.00E-02 ·· 
5.00E-03 
-5.00E-03 -
-1.00E-02 
-1 . 50E-02 ·····------------···············································-·······-···-····-······-·····-
Rock C .4 m/s (5s interval) 
1 .50E-02 · -------·----··-·-·-·····-··--·--···· ............ ~ .. ······----·-·----·-
1.00E-02 
5.00E-03 -----------------------1 
-Sensor 1 
-·- Sensor 2 
-5.00E-03 
-1.00E-02 
-1.50E-02 '------------------' 
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Rock C 1.4 m/s (5s interval) 
I· 
1.50E-02 
1.00E-02 
S.OOE-03 
O.OOE+OO II ll 
hll---111-A _ __,,p..i  __ ...,lp.-_._.,1..__-.JI!t ~ -Sensor 
1 f 1 J l - Sensor 2 
-S.OOE-03 ··-- ........................... _ .......... - ......... ··-··-.. ···-···-··-, 
-1 .00E-02 · f-·- ............. -----···-·· .. -··-·---·---------------1 
-1.50E-02 · J 
Rock C .8 mls (5s interval) 
1.50E-02 ,.......----------------. 
1.00E-02 
O.OOE+OO 
I,. ............ - .... - ............ , 
1--~A---rfl-~ ~r-A---11~'---'"""""(/'k..._._....., ~ - Sensor 1 
Y V Y Y V - Sensor 2 
-5. OOE -03 f ..................... - .......... _____ ...................... _ .......................................................................... 1 
-1 .00E-02 
-1.50E-02 
Rock C .4 mls (Ss interval) 
1.50E-02 -----------------, 
1.00E-02 1 .............................................................................................................................................................................. , 
S.OOE-03 +---------·----·---1 
-S.OOE-03 
-1. 00E-02 
-1.50E-02 ·'-----------------' 
125 
,-------------------------------------------------
Rock C 1.4 m/s ( Ss interval} 
1.50E-02 --
1 .OOE-02 · ------------------------------------
S.OOE-03 - -----
1- - ---------....------l ~ -Sensor 1 O.OOE+OO ·· 
-- Sensor2 
-S.OOE-03 ·1-------------------------------1 
-1 .00E-02 · -- ············································ -- --
-1 .SOE-02 ·'--------------------------------' 
No discernible data at .8 m/s 
1.50E-02 ··,-------------------------------, 
1 .OOE-02 ------·--------------------------------------------
S.OOE-03 ·· ··································· · · 
O.OOE+OO ................... ............ ........ ....... ............ ------- -- I = ~:~:~~ 
-S.OOE-03 -1--------------------------------1 
-1.00E-02 1······································································································· ································································1 
-1.50E-02 -L--------------------------------l 
L-------·-··········---·------···········-·········--······------·--······················-----
No discernible data at .4 m/s 
1.50E-02 
1.00E-02 -1---------------------------------1 
S.OOE-03 
!- sensor 1l 1.=.?~-~-~r?J 
-S.OOE-03 r-------------·-·----------------1 
-1 .00E-02 
-1 .50E-02 --~-----------------------------___J 
I 
• • 
Rock D 1.4 m/s (Ss interval) 
1.50E-02 .----:-----------------. 
I 
1 .OOE-02 + ····-t-···········································t ···································t · ···················································· ! 
S.OOE-03 ·· ·· 
!
- Sensor 1 
O.OOE+OO ··t--~-f'------;t...__---rt"'"---!1"--........, - Sensor 2 
L ................................................... > 
-S.OOE-03 ·1-- r------- -··--·--------11-- ···---..; 
-1 .00E-02 ·· 
-1 .50E-02 ··---~-- -----·-----·-"'- ·---' 
Rock D .8 m/s (Ss interval) 
1.50E-02 ···,-----------------, 
1 .OOE-02 ! ··························································································································································· I 
S.OOE-03 ............................ [ ' ..... [ 
O.OOE+OO +-~-t"----""'""""'r'---....t'---~.......-j I 
j ....................................... ·-· \ ...........................................................  -S.OOE-03 
-1.00E-02 + ························································' ····················································································'·········· i 
-1.50E-02 · '···· · ····· · · · ··· · ···· ------· ···-········· · · · · ·· ····-· ····· -----~-~-' 
Rock D .4 m/s (Ss interval) 
1 .SOE-02 ·.,-----
1 .OOE-02 + ································································································································································· I 
S.OOE-03 
-S.OOE-03 
-1.00E-02 + ················································ ·························································································································· I 
-1.50E-02 .1._-----------------' 
Sensor 1 
Sensor2 
126 
• ; l 
Rock D 1.4 m/s ( Ss interval) 
1.50E-02 .,-------------------, 
1.00E-02 ·· 
S.OOE-03 + ············ + ······· . 
O.OOE+OO ···1-""1'11'----""''''r''----~----N---t I 
-S.OOE-03 ·r----11- ----n------+-----11--- .........., 
-1 .00E-02 - ------------------------- ---------------------·-.. --.. + ----.... --·---1 
Rock D .8 m/s (Ss interval) 
1.50E-02 ..-----------------. 
1.00E-02 
S.OOE-03 
O.OOE+OO 
-S.OOE-03 
-1.00E-02 , ..................................................................................................................... ! 
-1 .50E-02 
Sensor 
Sensor 2 
.................................................... , _____________ ,,, ................. ________ , ............... ______ ,,, 
........ ,, _____ ,,, ................ , ____ _ ·---------------·-· 
Rock D .4 m/s (Ss interval) 
1.50E-02 ·r--------------------, 
1 .OOE-02 + ........................................................................................ l 
-1 .00E-02 
-1.50E-02 ·'-------------------' 
-Sensor 1 
............ Sensor 2 
127 
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Rock D 1.4 m/s (5s interval) 
1.50E-02 ··,..-------------------., 
1.00E-02 -1 ---------------1 
O.OOE+OO ··Kfi----··W·-..--<tl-<---rtr----i ~ --.. -..... ~:~:~ ~ 
-S.OOE-03 ++----+- ---fl- ---1'-----l 
-1.00E-02 ·  
-1.50E-02 .._ ______________ __.. 
Rock D .8 m/s (5s interval) 
1.50E-02 -,...-----------------, 
1.00E-02 +- ---------------l 
S.OOE-03 ·· 
-Sensor 1 
--· .. Sensor 2 
-1 .00E-02 -
-1 .50E-02 -'------------------' 
Rock D .4 m/s (5s interval) 
1.50E-02 · .-----------------, 
1.00E-02 +-- -----------------1 
S.OOE-03 
- Sensor1 
---·- Sensor 2 
-1 .00E-02 ·· 
-1 .50E-02 -'------------------' 
129 
RockE 1.4 m/s (Ss interval) 
1.50E-02 .-----------------, 
............................... ! 
I 
1 .OOE-02 · ···· · ····- -- - ---
S.OOE-03 ·· 
O.OOE+OO -1-""""''---...._......!4--...-,r-P---"---t+l----l 1' - Sensor 1 .. li= ?~~~r? i 
-S.OOE-03 -f-11----llf----41-----11-----1 
-1.00E-02 
-1 .50E-02 -------------------------
RockE .8 m/s (5s interval) 
1.50E-02 
1.00E-02 
S.OOE-03 --- ---
-S.OOE-03 
-1.00E-02 
-1 .50E-02 · ------- -··· ... ··-·--·----- -----
RockE .4 m/s (5s interval) 
1.50E-02 
-S.OOE-03 · 
-1.00E-02 · ------- ······················································· 
-1.50E-02 ··'-------------------' 
• 
RockE 1.4 m/s (Ss interval) 
1.50E-02 -.-------------------, 
1 .OOE-02 + ---·-............................................................................................................................ --...........1 
5.00E-03 ················· ········· · 
O.OOE+OO ..\ 
-5.00E-03 
-1.00E-02 
-1.50E-02 
RockE .8 m/s (Ss interval) 
1.50E-02 .------------------, 
1.00E-02 
·········--···-·-····-···-······ 5 .00E-03 
O.OOE+OO 
-5.00E-03 _L~-~ _ _\,"!""""""'"""! [ :;;;~~ 
-1.00E-02 
-1 .50E-02 ______ ,,_, ___________ .. _,,, ........................ ______ ,_, ___ ,_,, _____ , __ _, 
................. ____________ , ................ -----------------------------------· 
RockE .4 m/s (Ss interval) 
1 .50E-02 ------------------.. ------------·----
1.00E-02 ································································  
5 .00E-03 -f-----------------1 
-5.00E-03 , .................................................................................................................................................................................. , 
-1 .00E-02 ·· ··· 
-1 .50E-02 -'--------------------' 
-Sensor 1 
_ ....... Sensor 2 
130 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
----
RockE 1.4 mls (Ss interval) 
1.50E-02 
1.00E-02 ·-·----· 
5.00E-03 ···-······· 
O.OOE+OO · .il ~ 
-Sensor 1 
--- Sensor2 
-5.00E-03 
-1.00E-02 - ········ 
-1 .50E-02 
-----·-------
RockE .8 mls (5s interval) 
1.50E-02 
1.00E-02 
5.00E-03 ·· 
O.OOE+OO 
-5.00E-03 --··-
-1 .00E-02 
-1.50E-02 ·  
-···-------··------------------ -------·--------------------------------------
Rock E .4 m/s (5s interval) 
1.50E-02 
1.00E-02 --·-··--· -------·-··--·· ·------
5.00E-03 
O.OOE+OO ·· 
-5.00E-03 +------------
-1 .00E-02 
-1 .50E-02 -
-------------··-------··-- ···········-··-··-· 
-Sensor 1 
····--Sensor 2 
131 
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I 
! 
Rock F 1.4 m/s (5s interval) 
I 
1.50E-02 
1.00E-02 ··········-· .. 
I S.OOE-03 
I 
O.OOE+OO · 
-Sensor 1 
- Sensor2 
-S.OOE-03 
I 
I -1.00E-02 · -- -······ 
-1 .50E-02 ·------
._L.__ ______ , ________ _ 
I 
Rock F .8 m/s (5s interval) 
I 1.50E-02 ·· 
1.00E-02 
I S.OOE-03 - -- • ····························l ······· ...............•.... 
O.OOE+OO 
I 
-S. OOE-03 ......... -·-·····-.-
I 
-1 .00E-02 · 
-1 .50E-02 ··-··-·· 
I -··-·--······ 
--···------·-·--·--·-·- ·------------····- -·········· 
Rock F .4 m/s (5s interval) 
I 1.50E-02 ··-----------
1.00E-02 ·· 
I S.OOE-03 · I~ O.OOE+OO ·· - Sensor 1 
- Sensor2 
I -S.OOE-03 ·· 
-1 .00E-02 ·· 
I -1 .50E-02 · ···--·----·-·--·· ----------··-·····-··············--·--·-···· · ······ ·················-········· 
I 
I 
I 
133 
Rock F 1.4 m/s (5s interval) 
1.50E-02 ..------------------, 
1 .OOE-02 + ·············································-········-···························-·····································································  i 
S.OOE-03 , ....... . 
O.OOE+OO Ml'---tt~----'11'---+--+--l 
-s;~~r1l 
Sensor 2 
-S.OOE-03 -
-1 .00E-02 ·f ·······--------------·--·-···---------1 
-1 . SOE-02 - •~-·-···---------·--··-····-····-···--······-·····----···-----' 
Rock F .8 m/s (5s interval) 
1.50E-02 
1.00E-02 
S.OOE-03 
O.OOE+OO ~ ~ A h A ~ v v v v 
-S.OOE-03 
-1.00E-02 
-1 .50E-02 
---------------------------' 
- ------------------------
Rock F .4 m/s (5s interval) 
1.50E-02 ----------------------------------------------.., 
1.00E-02 
S.OOE-03 
O.OOE+OO v v 
-Sensor 1 
--- Sensor 2 
-S.OOE-03 + ·································································································································································· I 
-1 .00E-02 
-1.50E-02 -L-----------------' 
I 
